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Fig. 1. (a) Tetragonal HoCoGas-type crystal structure of
CeColng; (b) temperature-substitution phase diagram of
the CeMIn; (M = Co, Rh, Ir) family®.
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Fig. 2. Inelastic neutron scattering spectra of CeColn; at
Qar = (0.5, 0.5, 0.5) in the superconducting state (T =
1.3 K) and in the normal state (7 = 3 K)B.
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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 (g, ¢, 0.5) with ¢ =~ 0.440.

190715-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

I8 =

8 Acta Phys. Sin. Vol. 75, No. 19 (2026)

190715

(a) 0.7 (b)
>

. Z

v 0.6 =

g 2

~ =1

& =

g 2

5 0.5 %
4

0.4 2 2
0.4 0.5 0.6
Qu/r.lu.

Kl 4 (a) CeColns R (T =145 K) T Q =
3 RAEIE (0, 0,y 0,) BIRRAL 1 HBU 35 B9

Fig. 4. (a) Inelastic neutron scattering intensity of CeColnj in the superconducting state (T

/(~ 50 min)

[0}
(=}
T

IS
=)

0.4 0.6 0.8
Energy/meV

(Qu, Qu, 0.5) 77 ] A I HL 1 v —F BIC 58R B 40 4 915 (b) Qar = (0.5, 0.5, 0.5) &b

= 1.45 K) along Q = (Qy, Q, 0.5)P;

(b) polarized neutron scattering spectra in the three polarization channels (o,, 0,, 0,) at Qap = (0.5, 0.5, 0.5)P.

60
>
“E’ 40
~
)
20
SPINS, E;=3.7 meV, T=0.1 K 0
0 1 1
0 2 4
[L(]H/T
B 5 CeColng M F A (T = 0.1 K) 7 A [7 40 1 N #% 3%

F Qup A AR B th T
Fig. 5. Inelastic neutron scattering spectra of CeColns at

Qar in the superconducting state (7' = 0.1 K) under differ-

ent in-plane magnetic fields 7.

s zs [, CeColny M T2 A HELAREE
S BT A ) B EHL (18] 6)P05940: Song & B9
Bzl b i OREA B 281 Cey ,Yb,Colng(Hl

(a) CeColnj

—— ¢ MACS, 0.1 K ——
1.2+ —¢— ®PANDA 045K ¢ —

Energy/meV

0.4 0.5 0.6
(H,H)/r.l.u.

B 6 (a) CeColny A& AELIRENT Q =

(Qu, Qu, 0.5) J7 W] fy o Kl (401,
PRAE A B CeRhlng A T AT L 10, e op 5 3% 5k B SCHk [24,25)

Fig. 6. (a) Dispersion of the spin resonance mode of CeColnj in the superconducting state along @ =

x Yy

i CeColng) HIFAAE, HAE ab HIN A 19 [RIPE. 7E
SSFR G ATEE RS, ABEIRE k25X
WA, HAERA S Q MRS I/ TiEH: Q A
1Y R 25 G SE % 1Y 4R BE i (particle-hole
continuum onset, PHCO)M. XFHA d JEX )
i S A Y SR, PHCO BB IR 2 Qap 15
WA, AL IRAS 1% B ARk IO ARG, X T
AL SR e RS S B R AR (YR
RIREBOR B T 2R B By S 2420 % T CeColny,
PR T PHCO BE & 3l i i 25 Qup 1 B A

(I 6(a)), SHAAPZERL, TH A FEHL IR
WA A PHCO BYFRSI, eI W& i m b6
(B RE B B S R B Qap BTG R). W,
CeColny 1 H e LRI AT CeRhing H H JiE
U R TED A E s BEARRL (1 6(b)) 242, PRI B

—he N 3y
A0 IR TR, HAasU it 7 CeMIn, H
\\\ (b) CeColnj s
" e ®MACS, 01K — el
12} ~4— ©PANDA, 0.45 K —
> ¢ /e
g > Rz
> 08f * e
o0 L RN R s ’ VA 2
= .
5 LN
0.4} [ 2N ]
/
AN
- - CeRhlns, Stock C et al.[25]
N CeRhln;, Das P et al.[24] .
0.4 0.5 0.6

(H,H)/r.l.u.

522k AR Y PHCO; (b) CeColny FAY H St

(Qu, Qu, 0.5)4 the solid line

is the calculated PHCO; (b) comparison between the dispersion of the spin resonance mode in CeColns and the spin waves in

CeRhIn;!", the latter taken from Refs.[24,25].

190715-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 19 (2026)

190715

4R Ce [A] Y SOERREASHRAE ] B2 X — 25 SRR W],
SRR AR T 1 F TS B MELLRRE CeColny
SRS 2 Y 1) b A, AT A R AR R
A e T 2 e i B B S CeRhlng 11 F JiE
?)iE’M*HU‘T

I3, Park 5 W31 FH TCAT B A] A 755 4SOk
CeColny TG L AT T RGN & (K 7), 5
UE T BERTHGE ) b, JF R8T S AR
SR 7E H R A ) Vv RG], B
BEETE RWESE. RS T, 2 FUksE
fEEL, ﬁﬁﬁﬁ@ﬁﬁtﬂ’] H e IR A E 2H R T .

Park 2 W3R 330 — 34 22 35 i 8 O 73 0 Ae 2 R AR
Hh R KA F Tk

2.2 CeColn; E#E R PRI &

7 CeColny B2 IK R, BEH A W2 1)
f14% Nd, La, Yb Fl Hg 4K R. £ %) Cd, Zn 5%
Hop R R 2T T st p iU . X LA
KRR BB FEE 8 rhilhdT T fagh 26284446
R OFFENNC B T2 1.

1E Ceg 95Ndg g5Colng H', Raymond 4§ 47 7 5

T=0.3 K (0.13T)

(a) 2.0

1.5

1.0

0.5
O 0

1.00 1.0 0 0.5
[H H, 05]/r1u [0.5, 0.5, L]/r.Lu.

(b) 2.0

1.5

1.0

Energy/meV
Energy/meV

0.5

T=2.15 K (0.93T.)

|

0

Energy/meV i~
= —_ V)
= o =

(=)
ot

1.00 0.5 1.0 0 0.5

[H H, OS]/rlu [0.5, 0.5, L]/r.l.u.

T=1.6 K (0.70T})

1.00 0.5 1.0 0 0.5
[H, H, 0.5]/r.1.u.

T=2.5K (1.09T.)

1.00 0 0.5
[H, H, 0.5]/r.1.u.

WAL FHAE Ty = 0.9 K LR B R K AR )y
T HALHE R ¢ = (0.45, 0.45, 0.5) SEHAHE S
o QH—BHWE Ty < T,, ZIKRBA N
HEFEE FEMT Q. Mazzone 45 8] i@ i JE 5Pk
U — 2R, HEE N B, = 0.43 meV
1 [ e LR kﬁfi%ﬁeﬁzﬁf?éiﬁ—ﬂﬁﬁ#ﬁ%
wEY L sZm (18] 9), i A RS REA T4
BN 1] % A B2 L T B . Mazzone 25 149 ik — 5 0F
8T CeggsNdg osColng H 7 5 75 8 37 T (14 e [«
7E 8 T WL, ¢ = (0.45, 0.45, 0.5) AR BRRE T 2
FEEFE, JER S IR AY 11 T M2k
&, 5 CeColny H111) QHl—5. X—B LK
B, BEATE Ceyg5Nd osColng ST T HANHA M
IFi) XoF AR 114 SRR 22 10 1) AR, T AR AR R
THEG AR TS PR ). Ceg g5Ndg g5sColng H14
B FARBSR RS N ARG HA IS o iR
A O, H™= A i N3 1T RESS s A 22 vh A Fok T
BRI, HFMAEF S AT 7.

W AR REPE Las+##t Ce?t, Panarin 45 P X}
Ce,_,La,Colny (z = 0, 0.02, 0.035, 0.05) ZRFIEEH
T T ARG INS W (K 10(a)). BFRLE, HE

T=2.0K (0.87T.)

(c) 2.0

1.5

1.0

Energy/meV

0.5

0
1.00 0.5 1.0

[0.5, 0.5, L]/r.l.u. [H, H, 0.5]/r.l.u. [0.5, 0.5, L]/r.l.u.

T=4.0 K (1.74T.)

1.00
[0.5, 0.5, L]/rlu [H, H, 0.5]/r.l.u. [0.5, 0.5, L]/rlu

—~
&)
=

Energy/meV

Intensity/arb. units 2 4

7

(e) 2.5 K (1.09T.); (f) 4

Fig. 7. Temperature evolution of the magnetic excitation spectra of CeColng*:
(¢) 2.0 K (0.87T,); (d) 2.15 K (0.93T.); (¢) 2.5 K (1.09T.); (f) 4

CeColn 1 W & 115 Wi ik FE

BE 14 9 A 19

K (L74T.)

6 8 10

(a) T=03K (0.13T,); (b) 1.6 K (0.70T,); (c) 2.0 K (0.87T,); (d) 2.15 K (0.93T.);

(a) T = 03K (0.13T,); (b) 1.6 K (0.70T,);

K (L.74T,).

190715-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026) 190715
8
7 [ (a) CeCo(In;-.Hg.)s (d) O B T o E R
6F ©=0.010 0.013 VVTI. o2
5F | i O ® Tx O ]
X 4 )
= 5 | AFM
2 Q= (0.5, 0.5, 0.5) o
1[ sc . 10}
0 L i Y L L ® [®)
0 05 1.0 15 20 25 3.0 v ®0 HF
z/% = ®
(~)
5 1(b) CeCo(In;_,Cd,)s CM ) o
4 i va
g3 © o sc
2 1t ICM .
1 o Ty AFM v b
0 . . . . . 5 5 b 5 3 .
0 5 10 15 20 25 30 0 0.2 0.4 0.6 0.8 1.0
Nominal z% Cd Nd; _,Ce,Colnj
3 2.5 2.5
(©) CeCo(Ini_,Zn,)s h (e) h (f)
T )
)@ c T 2.0F 2.0
P N ] o~
2F ®-9-9- 8- N
y *-e :;g::; EAFM X N, X
b SC . & o, &
’;' SC+AFM 1op Lop
; Ce;_,La,Colnj; Ce;_,Yb,Colns
0 5 i 4 0.5 L \ , 0.5 L . R
0 0.02 0.04 0.06 0 0.05 0.10 0.15 0 0.05 0.10 0.15
Nominal Zn concentrations x T x
[l 8  CeColns 7 (a) HgP¥, (b) CdP, (c) Znl*, (d) Nd™, (e) Lal'dl, (f) YbUO #8524 [ AH &l Horb Yb 4153 0 SEFR1B 2% 2., H

b T, BN RS La 3822 M 815 Nd $ 2% 41 B A 55 98§l 3% 2% & (0.5, 0, 0.5)/(0, 0.5, 0.5) YA (commensurate, CM) S 4% fi 4
A HIWE RN (g, ¢, 0.5) BIAEAE (incommensurate, ICM) R AER#EM, Hr g = 0.44199); Hg, Cd, Zn 5 2% HH & Hh 5 8k 106 5 Y 8 il I

K¥1H4 (0.5, 0.5, 0.5)

Fig. 8. Phase diagrams of CeColn; with (a) Hg®, (b) Cd®%, (c) Zn*¥, (d) Nd*, (e) Lal* and (f) Yb!S doping; the Yb content is
the actual doping level z,,, whose suppression rate of T is similar to that of La doping; the Nd phase diagram contains a commen-

surate (CM) antiferromagnetic phase with modulation vector (0.5, 0, 0.5)/(0, 0.5, 0.5) and an incommensurate (ICM) antiferromag-

netic phase with modulation vector (g, ¢, 0.5), where ¢ =~ 0.441*; 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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Table 1.  Neutron scattering studies of CeColns and its main doped systems.
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Fig. 9. (a) Inelastic neutron scattering spectra for Ce¢sNd ¢5Colns at @ = (0.5, 0.5, 0.5), 7= 0.44 K, 1.2 K and 2.5 K; (b) temper-

ature dependences of the elastic scattering (0 meV) from the incommensurate magnetic order and of the spin resonance mode at

0.4 meVsl.
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Fig. 10. (a) Inelastic neutron scattering spectra for Ce, ,La,Colns at
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Fig. 11. Spin resonance mode in Ce;_,Yb,Coln;*). For the sample with nominal composition z = 0.05: (a) Fits to the data in panel
(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 £ = 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 in-
tensity at (0.5, 0.5, 0.5) at 0.6 K, 1.5 K and 2.3 K. For the sample with nominal composition z = 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 Qsp = (1/2, 1/2, 1/2)¥: (a) Spin resonance mode of CeColns in the super-

conducting state at T = 0.1 K (E, = 0.55 meV); (b) absence of significant magnetic fluctuations in CeCo(InggHgy )5 at T =
0.5 K; (c) scattering intensity distribution along (H, H, 1/2) in CeCo(IngggHgg )5 at 3.5 K.
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Fig. 13. (a) Tetragonal ThCr,Si,-type crystal structure of
CeCuy,Siy; (b) schematic phase diagram of CeCu,Si,, where
the A-type (antiferromagnetic) and S-type (superconduct-

ing) regions are indicated!?>.
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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 CeCuySiy at Qapy in the superconducting state (7 = 0.07 K, B = 0) and in the normal

state (B =2 T)Ps.
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Fig. 16. HHL slices of CeCu,Si, in the normal state (7 = 1.6 K) at E = 0.5, 1.3, 2.0, 3.1, 4.0 and 5.5 meVP%. The low-energy (E <
1.5 meV) excitations show a pronounced L dependence, whereas the high-energy (E > 2 meV) excitations become independent of

L, i.e. they evolve into quasi-two-dimensional magnetic excitations.
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Fig. 17. (a) Constant-energy neutron scattering scans of A-type CeCu,Siy at 0.4 K2 (b) energy-momentum spectrum of S-type
CeCusSiy at 1.6 K obtained from the data within 1.38 < L < 1.585%; (c) energy-momentum spectrum calculated within the random
phase approximation (RPA) using the LDA + U band structurel®.
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Table 2.  Basic properties of CeColns and CeCu,Si, and the characteristics of their magnetic excitations.
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SPECIAL TOPIC — Quantum magnetism

Inelastic neutron scattering studies of the heavy fermion
superconductors CeColn; and CeCu,Si,"
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1) (Center for Correlated Matter, Zhejiang University, Hangzhou 310058, China)
2) (School of Physics, Zhejiang University, Hangzhou 310058, China)

( Received 8 July 2026; revised manuscript received 13 August 2026 )

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—CeColny (7T, = 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 CeRhIng. The spin resonance mode in
CeColny 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 FE, and T, decrease in tandem upon La or Yb substitution while F,/kgT,
stays nearly constant, whereas hole doping with Hg, Cd or Zn induces commensurate antiferromagnetic order
and removes the spin resonance mode. CeCu,Si, 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 (= 4kgT.) 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 CeCuySi, 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 CeColn; and CeCu,ySi, 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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