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Single to multiparticle states in CeRhIn5 probed with neutron scattering
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Neutron scattering is used to measure the quantum spin fluctuations in CeRhIn5 - the parent 
material of the CeXIn5 superconducting series. Out-of-plane spin fluctuations are gapped and 
localized in momentum, similar to the spin excitons in CeCoIn5. The in-plane fluctuations consist 
of sharp spin-wave excitations parameterized by a nearest neighbor exchange Jrkky=0.88 ± 0.05 
meV that crossover to a temporally and spatially broad multiparticle spectrum with energies of 
~ 2 x Jrkky . This continuum represents composite fluctuations that illustrate the breakdown 
of single magnons originating from the delicate energy balance between localized 4f and itinerant 
behavior in a heavy metal. The experiment therefore shows how quasiparticle behavior is changed 
by the close proximity of quantum criticality.

The description of physical systems in terms of com­
posite states has provided the basis for a number of theo­
ries in the physical sciences. Analogies have been drawn 
with high-energy physics, and in particular quantum 
chromodynamics, where fundamental particles are com­
posed of quarks with fractional quantum numbers. [1, 2]
In optical physics, dressed states are used as a basis to un­
derstand molecular - light interactions. [3] In unconven­
tional and high temperature superconductors, a resonat­
ing valence bond state has been proposed where fermionic 
S = 1 spins pair up to form a net Sef fective=1 object. [4]
Composite charge and spin states, such as Zhang-Rice 
singlets or spinon-holons, have also been suggested to be 
fundamental to superconductivity, frustrated magnetism, 
and even quantum criticality. [5-9] Here we use neutron 
scattering to demonstrate that in CeRhIn5, an antiferro­
magnetic parent heavy fermion located near a quantum 
critical transition to superconductivity, the underlying 
excitations show a strong fractional character and we di­
rectly observe the breakdown of these composite quasi­
particles with neutron scattering.

CeRhIn5 is a heavy fermion metal, part of the CeTIn5 
(T=Rh, Ir, and Co) intermetallic series displaying an in­
terplay between antiferromagnetism and superconductiv­
ity. The presence of two-dimensional layers of Ce3+ ions 
connects the physics of these systems with other uncon­
ventional superconductors like the cuprates [10-12] or 
iron based pnictide/chalcogenide superconductors. [13­
15] CeRhIn5 magnetically orders at TN=3.8 K [16­
18] and enters an unconventional superconducting phase 
which can be accessed either at very low temperatures of 
~ 75 mK or through hydrostatic pressure. [19, 20] The 
magnetic and electronic properties have been found to be 
intertwined with heat and electrical transport properties 
displaying an electronic scattering rate proportional to

the magnetic entropy. [21]
CeRhIn5 is isostructural with CeCoIn5 which is su­

perconducting at ambient pressures with a Tc=2.3 K. 
The order parameter of the superconducting phase has 
a d-wave symmetry with nodes in the ab plane. [22, 23] 
Magnetism and superconductivity are strongly coupled 
as evidenced by neutron scattering measurements report­
ing a doublet spin-resonance peak connected with su­
perconductivity and indicating an order parameter that 
changes sign, consistent with d-wave symmetry. [24, 25] 
The c-axis polarized magnetic fluctuations in CeCoIn5 
were found to peaked near the commensurate (1, 2,1) 
point indicating antiferromagnetic spin correlations both 
within the ab plane and along c. The condensation of 
these spin excitons was suggested to be responsible for 
the “Q-phase” reported to exist in the superconducting 
phase at magnetic fields near Hc2. [26, 27] Antiferromag­
netic CeRhIn5 provides an opportunity to study the low 
temperature spin fluctuations in proximity of a quantum 
phase transition to superconductivity in the clean limit.

Neutron measurements were performed at NIST 
(Gaithersburg, USA) using MACS and at the ILL 
(Grenoble, France) using the IN12 spectrometer and the 
D23 and D3 diffractometers. The samples were aligned in 
the HHL scattering plane and were prepared using self­
flux method. [28] Given the strong effect of absorption, 
the experiments and analysis have been guided by a fi­
nite element analysis. Further details are provided in the 
supplementary information.

We first review the magnetic structure in the antiferro­
magnetic phase (TN=3.8 K) studied with polarized neu­
trons. There are two irreducible representations for the 
space group P4/mmm with magnetic ordering wavevec- 
tor qo=(0.5,0.5,a); t2 which has two basis vectors (^2,3) 
along [100] and [010] and t1 with ^1 along [001].
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FIG. 1. The magnetic structure of CeRhIns investigated us­
ing spherical polarimetry (cryopad-D3). a) illustrates the 
magnetic structure based upon spherical polarimetry in terms 
of the basis vectors 02,3 described in the text. b) a plot of 
Pmeasured as a function of Pcaicuiated based upon an isotropic 
spiral model described in a). c) shows a plot of the magnetic 
order parameter (D23) for both pure CeRhIns (TN=3.7 ± 0.1 
K) and 20% La doped (TN=2.2 ± 0.2 K). The plot is based 
upon 10 different magnetic magnetic bragg peak positions.

FIG. 2. Constant energy scans taken on IN12 and MACS 
in the antiferromagnetic phase. a — b) illustrate fluctuations 
polarized along c with the horizontal bar being the spectrom­
eter resolution. c — e) show constant energy slices showing 
the energy dependence of the spin fluctuations. Fluctuations 
at large L characteristic of in-plane fluctuations are present 
to high energy transfers. The solid lines are absorption and 
resolution corrected fits described in the main text.

Figure 1 summarizes diffraction data from D3 (ILL) 
using spherical polarimetry (cryopad) at T=2 K and 
D23 (ILL) with unpolarized neutrons. The magnetism 
is characterized by an incommensurate Bragg peak 
Q=(0.5,0.5,0.297) allowing polarization intensities to be 
readily measured. [29] Spherical polarimetry is ideal for 
studying this problem given the magnetic Ce3+ ions oc­
cupy a primitive tetragonal lattice where unpolarized 
diffraction is not able to uniquely distinguish chiral mag­
netism from a spin density wave (a similar problem 
was discussed in [30]). Fig. 1 b) plots Pmeasured 
agains Pca;cu;ated assuming a perfect a — b spiral with 
M = Ma + iMb (with |Ma| = |Mb|). Such a magnetic 
structure gives a polarization matrix with off diagonal 
elements P21,31 = n MMMz, where n is the domain popu­
lation difference given by (n = , with V± the vol­
ume fractions of the two ± chiral domains), and diagonal

1 r D Mh2-M|elements P2233 = M “.
We observe a nonzero off diagonal component P21,31 

indicating a chiral magnetic structure with a net domain 
imbalance. Symmetry consideration would imply two do­
mains with a vector chirality pointing along ± [001] and

Fig. 1 b) is fitted with a domain population of n=0.68 
± 0.05, likely the result of strain and sample geometry. 
This domain preference allows us to uniquely identify the 
structure as a spiral over a spin density wave. Fig. 1 b) 
is a fit to all nonzero matrix elements using only the t2 
irreducible representation with equal components of the 
two basis vectors (magnetic structure illustrated in Fig. 
1 a). No detectable c-axis component of the moment was 
found indicating the absence of basis vectors from t1 .

The involvement of only t2 in the phase transition is 
consistent with TN being second order predicted by Lan­
dau theory (Fig. 1 c)). [31, 32] Pure CeRhIn5 was mea­
sured to have a critical exponent of ,0=0.15 ± 0.02, simi­
lar to other 2D Heisenberg systems, namely K2MnF4. [33] 
On doping with La, both TN [17, 34] and the ordered 
moment are suppressed (Fig. 1 c) and 0 increases to 
0.25 ± 0.03 as expected for the critical properties near 
a tricritical point. The critical exponent presumably re­
flects the line of quantum phase transitions that separate 
the antiferromagnetic from the superconducting phase in 
pressure and temperature. [35]

We now discuss the inelastic scattering probing the 
spin dynamics. Fig. 2 illustrates a summary of constant
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energy scans taken on IN12 and MACS. Fig. 2 a) shows 
an in-plane momentum scan finding the magnetic scatter­
ing to be peaked at (0.5,0.5) indicating antiferromagnetic 
correlations within the a — b plane. Fig. 2 b) shows a scan 
along the [001] direction finding momentum broadened 
correlations which decay with L. The solid line is a fit 
to I(Q) a f (Q)2 x [1 — (Q • c)2] sinh(c/^c)/[cosh(c/£c) + 
cos(Q • c)] which represents short-range antiferromagnet- 
ically correlated Ce3+ moments polarized along c with a 
dynamic correlation length . f(Q)2 is the magnetic 
form factor. [36] The dynamic correlation length was de­
rived to be = 3.1 ±0.7 A indicating little coupling be­
tween the Ce3+ layers.

Fig. 2 c — e) illustrate full constant energy maps taken 
on MACS at energy transfers of 1.2-3 meV (c — e). Panel 
c) illustrates that, as well as the magnetic scattering near 
L=0 from the out of plane fluctuations (discussed above), 
strong scattering is also present at large L indicative 
fluctuations polarized within the ab plane. The scatter­
ing diminishes rapidly with temperature confirming the 
magnetic nature (see supplementary information). We 
note that the scattered energy transfer is significantly less 
than the first crystal field excitation at ~ 7-9 meV, indi­
cating that the transition results from excitations within 
the Ce3+ ground state doublet. [37] The correlated scat­
tering is present at higher energies as evidenced by similar 
scans in d) and e). Interestingly, while the in-plane fluc­
tuations (at large L) persist up to high energy transfers, 
the out of plane fluctuations (near L = 0) are localized 
to low-energy transfers.

Having established the presence of c-axis polarized 
fluctuations (near L=0 in Fig.2 a — b) and in-plane fluc­
tuations (observed at large L in Fig. 2 c — e), we now 
discuss the energy dependence. Fig. 3 a) shows con­
stant Q =(0.5,0.5,0.3) scans taken in the antiferromag­
netic phase (T=0.4 K) where a well defined gapped exci­
tation is observed which is broader than the experimental 
resolution. An antisymmetric lorentzian fit gives a peak 
energy position of hO=1.21 ± 0.06 meV and line width 
(half-width) of hT=0.22 ± 0.14 meV. Similar to the spin 
resonance in CeCoIn5, the c axis polarized fluctuations 
are therefore gapped in the antiferromagnetic phase as 
well as localized in momentum and energy. These same 
c-axis polarized fluctuations presumably persist in the 
presence of superconductivity and form the doublet spin 
resonance in CeCoIn5.

Fig. 3 c) displays a constant Q slice (integrating over 
L=[-1.5,-4]) sensitive to the in-plane scattering. Sample 
one-dimensional cuts through the data are shown in Fig. 
4. The false color plot shown in Fig. 3 c) displays sharp 
dispersing low-energy fluctuations and a higher energy 
continuum. To extract a dispersion, we have fit constant 
energy scans (examples shown in Fig. 4 a — c) to gaus- 
sians symmetrically displaced from the Q =( 2,2) and il­
lustrated by the open circles in Fig. 3 c). The constant
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FIG. 3. Constant-Q scans taken on IN12 and MACS. a) illus­
trate the energy dependence of the out of plane c axis polar­
ized spin fluctuations. c) shows a constant-Q slice taken on 
MACS (integrating over L=[-4,-1.25]) with the solid points 
fits to constant-Q scans and the open circles fits to con­
stant energy. A strong continuum of magnetic fluctuations 
is present above the top of the 1-magnon band. c) shows 
a resolution and absorption corrected calculation considering 
single and multiparticle states with the momentum integrated 
intensities plotted in d) and compared with experiment.

energy fits show dispersing excitations at wave vectors 
close to (1,1), but at the zone boundary near (4, 4) the 
“dispersion” becomes nearly vertical.

Representative constant Q scans are shown in Fig. 4 
d — f. Two damped harmonic oscillators convolved with 
the resolution were used to describe the low-energy nearly 
resolution limited excitation and the broad continuum 
of scattering at higher energies. The sharp excitation 
energy positions are denoted by the filled points in Fig. 3. 
To extract an estimate for the localized Jrkky exchange, 
we have fit the peak locations of the sharp component 
to the dispersion for a jeff = 2 “spins” (capturing the 
doublet nature of the ground state) on a square lattice. 
The problem has been studied in the purely classic S = | 
limit in Rb2MnF4 where E(q) = 2Jrkky J a2 — 7(q)2, 
with y(q) = cos[n(H + K)] cos[n(—K + H)]. Based on 
the fit in Fig. 3, we extract Jrkky =0.88 ± 0.05 meV 
and an anisotropy a=1.06 ± 0.02 meV.

Having described the sharp component, we now discuss



4

d)to=(-0.425, -0.425)

e) Q=(-0.35, -0.35)

f) Q=(-0.25, -0.25)

2 4
E (meV)

10

5

5

5

FIG. 4. Constant energy (o — c) and Q (d — f) cuts through 
the MACS data. The solid lines in o — c are to gaussians 
displaced from the commensurate (|, 2) position. Solid lines 
in d — f are fits to damped harmonic oscillators as discussed 
in the text. The shaded region is the component originat­
ing from multiparticle excitations. d — f are integrated over 
±(0.025, 0.025).

the broad continuum at higher energies. This continuum 
extends up to about twice the top of the band described 
by the sharp excitation. Given that the scattering is rem­
iniscent of two-magnon scattering in localized (and insu­
lating) chains and ladders, [1, 38, 39] we have calculated 
the multiparticle two-magnon scattering cross section fol­
lowing theories applied to describe quantum fluctuations 
in Rb§ MnF4 where the classical S = § imposes a very 
weak continuum. [40, 41] Fig. 3 d) shows a plot of the 
calculation with the one-magnon term superimposed to 
give the sharp component hence we have referred to this 
as the “1+2” model. The momentum integrated intensity 
from the calculations is over plotted in Fig. 3 b). The “1- 
magnon” component fails at low energy transfers, likely 
due experimental limitations owing to resolution and the 
elastic line dominated by incoherent nuclear scattering.

Several features are reproduced in the multiparticle 
calculation: first, the broad continuum of scattering
which extends up to nearly 2x Jrkky; and second, the

nearly vertical columns of scattering which extend up in 
energy near the zone boundary. Such continuum have 
been notably observed in one-dimensional chains and 
originate from spinons with a fermion character as op­
posed to conventional spin fluctuations which are de­
scribed by bosons. Near the magnetic zone boundary, 
as illustrated in Fig. 4, the two components can be sepa­
rated with both accounting for roughly equal amounts in 
terms of the integrated intensity. When all of the scat­
tering is integrated over the magnetic Brillouin zone, the 
total spectral weight (accounting for absorption) is es­
timated at 1.7 ± 0.5 p?B to be compared with 1.9 p?B 
expected based upon a single ion crystal field analysis. 
The experiment therefore captures all of the low-energy 
spectral weight once the multiparticle component is in­
cluded.

It is interesting to compare the excitation spectrum 
observed here with results in the cuprate and iron based 
superconductors close to the hole doped superconducting 
transition. The strong continuum described above con­
trasts with localized S= 1 La§CuO4 where most of the 
spectral weight comprises a sharp in energy one-magnon 
cross section. [42] Our experiment observes the break up 
of composite states characterized by the sharp harmonic 
excitations to dressed multi particle states at higher en­
ergies. While the observation of both sharp excitations 
and a higher-energy continuum is relatively unique in 
CeRhIn5, it is possible that similar physics carries over 
to strongly correlated cuprates and iron based supercon­
ductors and predictions have been made for two dimen­
sional model magnets. [43] Fe1+xTe also displays nearly 
vertical rods of scattering near the zone boundary. [44] 
YBa§Cu3O6.35 (located near the hole doped boundary 
of high temperature superconductivity and antiferromag­
netism), displays a broadening and loss of spectral weight 
for fluctuations near the magnetic zone boundary and 
this has been connected with the charge pseudogap phase 
notably found with optical techniques and NMR. [45-47] 
Similar anomalous dispersions, though with much less 
spectral weight, near the zone boundary have been re­
ported in insulating La§CuO4. [48]

In summary, we have studied the magnetic structure 
and excitations in chiral CeRhIn5. We have confirmed 
the in plane spiral magnetism through the use of spherical 
polarimetry. The magnetic excitations are found to con­
sist of both c axis polarized and in plane polarized fluc­
tuations. The c axis fluctuations are localized in momen­
tum and energy while the in plane fluctuations consist of 
both a sharp dispersing component and a broad contin­
uum of scattering reminiscent of multi particle cross sec­
tions observed in low dimensional magnets. This there­
fore illustrates the composite nature of the low energy 
fluctuations in a heavy metal near quantum criticality.
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