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Paramagnons are supposed to provide the pairing glue for unconventional superconductors. For the heavy-
fermion superconductor CeCu2Si2, there is indeed good evidence from inelastic neutron scattering (INS) that
spin fluctuations drive the superconductivity. Here, we present the INS measurement of the inelastic response
of the antiferromagnetic parent compound, ‘A-type’ CeCu2Si2, to probe the relation to the excitations of
the superconducting (‘S-type’) sample. We find that the dispersion is very similar in the antiferromagnetic
state and in the normal state of the superconducting sample. Pronounced differences to the response in the
superconducting state exist at low energies around the zone center. These findings are in line with observations
of other unconventional superconductors.
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Different classes of unconventional superconductors—
high-Tc cuprates, pnictides, and heavy-fermion
superconductors—share a common feature in their phase
diagrams, i.e., the appearance of a superconducting dome
in the proximity of an antiferromagnetic quantum critical
point (QCP) [1–5]. Major differences exist in other aspects
of the phase diagrams, and the interactions leading to
magnetic order are principally different. Nevertheless, it is
assumed that for all these classes the magnetic excitations,
associated with the ordered state, provide the pairing glue
for superconductivity [6–8]. However, it is not a priori clear
how the paramagnons in the superconducting compounds are
related to the magnons of the antiferromagnetic phase, and
microscopic measurements of the excitations are needed to
shed light on this question.

For both cuprates and pnictides, advances in resonant in-
elastic x-ray scattering (RIXS) experiments have improved the
knowledge of the magnetic excitations, in combination with
results from inelastic neutron scattering (INS). It was shown
that there are indeed remarkable similarities in the magnetic
excitations of the antiferromagnetic and the superconduct-
ing phase. For the hole-doped cuprates, RIXS studies [9–
13] revealed that paramagnons exist in the superconducting
state even for overdoped samples, with similar intensity and
dispersion relation to the magnons of the antiferromagnetic
compound. An exception is the response near the magnetic
zone center, where a sharp resonance is observed in the
superconducting state. The width of the dispersive excitations
increases in the doped samples due to the introduction of
charge carriers. For electron-doped cuprates [14,15], intense
paramagnons were also observed in RIXS, however their
dispersion is shifted to higher energies.
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Both RIXS and INS studies find paramagnons in the su-
perconducting state of electron-doped Fe pnictides [16,17],
which are softened but of similar overall intensity as the
magnons in the parent compound. For hole-doped pnictides,
paramagnons with a dispersion very similar to that of the
magnons have been observed in INS [16,18,19]. As for the
cuprates, significant differences appear close to the magnetic
zone center.

For heavy-fermion compounds, spin excitation energies are
about two orders of magnitude smaller than for cuprates and
pnictides, in agreement with the difference in characteristic
temperatures, and can thus be conveniently measured by
INS. Among the heavy-fermion superconductors close to a
magnetic QCP, dispersive excitations have been reported for
CePt3Si [20], CeCoIn5 [21,22], and CeCu2Si2 [23,24]. In
CePt3Si [20], magnetism and superconductivity coexist at low
temperatures and no difference was found for the magnetic
excitations of the purely magnetic and the mixed magnetic-
superconducting state. In CeCoIn5 [21,22] and CeCu2Si2

[23,24], a sharp peak appears within the superconducting
energy gap at 0.6 meV and 0.2 meV, respectively. At higher
energies dispersive paramagnons are observed in both com-
pounds. For CeCoIn5, these resemble the excitations of the
antiferromagnetic reference compound CeRhIn5 [22,25]. For
CeCu2Si2, the dispersion in the superconducting state has
been compared to the normal state (T > Tc and B > Bc2):
The response is very similar for energies larger than 0.3 meV.
However, measurements in the magnetic reference compound
have so far been missing.

Here we present a comparative INS study of the magnetic
excitations of antiferromagnetic (‘A-type’) and superconduct-
ing (‘S-type’) CeCu2Si2. Both ground states can be realized
in homogeneous, quasistoichiometric samples of very similar
composition, because the magnetic properties of CeCu2Si2

are highly sensitive to slight variations in the Cu-to-Si ratio:
They induce a small (<1%) site exchange of Si by Cu,
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which acts similar to hydrostatic pressure and tunes samples
from an antiferromagnetic to a superconducting state [26,27].
This provides excellent conditions for neutron scattering, as
both the antiferromagnetic and the superconducting state are
accessible at ambient pressure. Additionally, the substitution
of Si by Ge can enhance magnetic order [28]. We present
dispersion measurements along [110] and along [001] for an
‘A-type’ crystal, both in the ordered phase and for T > TN,
and show that the magnetic excitations resemble those of
S-type CeCu2Si2.

Neutron scattering was performed at the cold triple axis
spectrometer IN12 at ILL, Grenoble, on a 3.0 g single crystal
of CeCu2(Si0.98Ge0.02)2. Details of the experiment as well as
on sample characterization can be found in the Supplemental
Material [32]. Both elastic neutron scattering and thermody-
namic data revealed an antiferromagnetic phase below TN =
0.85 K. The ordering wave vector at the lowest measured
temperature of 0.1 K was found to be τ = (0.215 0.215
0.52); it can be more easily measured in the second Brillouin
zone at QAF = (0.215 0.215 1.48), due to a much larger
signal-to-background ratio. The value of τ , particularly the h

component, is temperature dependent above 0.4 K, reaching
h ≈ 0.228 around the Néel temperature. These observations
are very similar to measurements of A-type CeCu2Si2 samples
without Ge doping [30,31]. As outlined in the Supplemental
Material [32], a minor fraction of the sample gradually turns
superconducting below 0.4 K. Therefore, data in the antifer-
romagnetic phase were collected at 0.4 K [32].

The inelastic response has been measured by constant-Q
scans at the ordering wave vector and by constant-E scans for
the study of the dispersion. The spectra measured at QAF at
0.4 K and 5 K are shown in Fig. 1(a). The total response is
comprised of an incoherent elastic contribution (temperature-
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FIG. 1. (a) Spectra of CeCu2Si2 at 0.4 K (black) and 5 K (purple),
measured at QAF = (0.215 0.215 1.48); solid black/purple lines show
total fit functions, dashed the inelastic magnetic contribution, which
was fitted with a Bose-weighted Lorentzian function. Shown in blue
is a scan at the magnetic zone boundary Q= (0.5 0.5 1.48) at 0.4 K
with a Gaussian fit; these data have been magnified by a factor of
5. (b) Fitted inverse susceptibility 1/χ and (c) width � (full width
at half maximum, FWHM) of the inelastic magnetic signal at QAF,
for our A-type crystal and for the S-type crystal at 1.7 T (taken from
Ref. [23]). χ (QAF ) is normalized to the intensity of the incoherent
elastic line [29]. Lines are guides to the eye.
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FIG. 2. Dispersion of the magnetic mode in A-type CeCu2Si2.
(a) Scans along [110] at 0.4 K for several energy transfers, as
well as Lorentzian fit functions (solid lines). Data are displayed
after background subtraction and with an offset of 150 counts. (b)
Fitted peak positions of the magnetic mode for 0.4 K and 1 K.
Linear fits for the dispersion relation are shown in solid or dashed
lines, respectively (details see main text). The dotted line shows
the dispersion of S-type CeCu2Si2 in the normal state (B = 1.7 T,
T = 60 mK) [23].

independent), a quasielastic magnetic response, and an elastic
magnetic signal (present only below TN). The quasielastic
component can be fitted with a Lorentzian function including
the Bose temperature factor [32]. The fitted inverse suscep-
tibility 1/χ (QAF) and width � (FWHM, inverse lifetime) for
all measured temperatures are plotted in Figs. 1(b) and 1(c),
respectively. Below TN, it is difficult to separate the dynamic
response from the static magnetic signal, so that absolute
values for χ and � are not very accurate. Still, it is clear
that both the susceptibility and the lifetime diverge in the
antiferromagnetic state.

In Fig. 2(a), constant-E scans along [110] around QAF

are displayed, together with Lorentzian fit curves. Two peaks
of identical width are fitted to each curve to account for
the dispersive splitting. We chose a simple Lorentzian fit
approach, because the data are not sufficient for a full, model-
based fit of the dispersion relation. The main reasons for
this insufficiency are the strong damping at higher energy
transfers and the incommensurability of the magnetic order.
For incommensurate order, multiple overlapping branches
may exist, and the resulting intensity distribution is not nec-
essarily symmetric with respect to the zone center. This is
also seen, for example, in the dispersion relation of CeRhIn5

along [001] [25]. For CeCu2Si2, we see a strong asymmetry
of the intensity of the V-shaped dispersion, which increases
towards higher energy transfer. The fitted peak positions are
displayed in Fig. 2(b). At 0.9 meV and 1.1 meV, the position
of the weaker branch cannot be extracted reliably. The fitted
peak positions suggest linear spin-wave dispersions with spin-
wave velocities of 5.3 ± 0.2 meV Å (upper branch, fitted up
to 1.1 meV) and 15 ± 3 meV Å [lower branch, fitted up to
0.7 meV, see Fig. 2(b)]. However, we note that in case of
overlapping dispersion branches it is difficult to extract values
for the velocities based on a single linear fit. Our data give
no indication of an anisotropy gap in the ordered state (within
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FIG. 3. (a) Susceptibility associated with the constant-E scans,
obtained from the integrated intensity over both branches of the
dispersion and further corrected for the Bose temperature factor. The
data for the S-type crystal are taken in the normal state at 1.7 T and
60 mK. The same normalization to the incoherent elastic line has
been done as in Fig. 1 [29]. (b) Width (FWHM) of the constant-E
scans along [110].

the energy resolution of 65 μeV FWHM), as it was observed
in the dispersion of CePd2Si2 [33], CeIn3 [34], CeRhIn5 [25],
and CeCu2Ge2 [35]. A more detailed discussion of our fits,
particularly resolution effects, is presented in the Supplemen-
tal Material [32].

In Fig. 3, susceptibility and width of the fitted magnetic
signal are displayed. While the susceptibility slowly decreases
with energy transfer, the width strongly increases. Even at
small energy transfers, the excitations are strongly damped,
the inelastic correlation length being roughly 26 Å [36]. At
�E ≈ 1 meV, the inelastic correlation length drops to values
corresponding to nearest-neighbor interaction. The origin of
the increased damping might be enhanced Kondo scattering,
since the energy scale is similar to the local spin-fluctuation
temperature of CeCu2Si2, which was observed in powder neu-
tron spectroscopy [37]. Furthermore, overlapping dispersion
branches might influence the fitted width. Due to the strong
broadening of the signal, it is difficult to follow the dispersion
further towards the magnetic zone boundary. In a constant-Q
scan at (0.5 0.5 1.48) [cf. Fig. 1(a)], a weak maximum can
be seen at 1.5 meV, which seems rather sharp considering
the damping observed in the constant-E scans. Therefore, it
is not clear whether it can be identified with the bending of
the dispersion.

In Figs. 2 and 3, we also include fit parameters for data
measured at 1 K. Although this is above TN, only minor
changes are observed to the magnetic excitations. The most
noticeable difference is the shift of the center of the disper-
sion, which is in agreement with the shift of the ordering wave
vector up to TN=0.85 K. A slight increase is observed in the
width of the low-energy excitations, but it does not reflect
the divergence of the static correlation length. Similarly, the
divergence of the susceptibility at E → 0 is not reflected in
the dispersive excitations.

We now turn to the dispersion along the [001] direction,
which has been measured at energy transfers between 0.125
and 0.7 meV. For a better comparison with the dispersion
along [110], all data have been transformed from reciprocal

lattice units (rlu) to absolute momentum transfer (Å
−1

) [38]
and shifted such that the center of the dispersion (0.215 rlu
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FIG. 4. (a) Fitted peak positions, as well as linear dispersion
relations, for constant-E scans along [110] and [001] at 0.4 K. The
data along [110] are the same as in Fig. 2, but for better comparison

the axis has been transformed from rlu to Å
−1

[38] and the center of
the dispersion set to zero. (b) and (c) Comparison of susceptibility
and width (FWHM) of constant-E scans along [001] with data along
[110] already shown in Fig. 3.

or 1.48 rlu) is at zero. Resolution effects are accounted for
by a convolution with an appropriate Gaussian function for
the [110] and the [001] direction, respectively. The fitted peak
positions are displayed in Fig. 4(a). Within error bars, the
dispersion relations along both directions are the same. We
note that the [001] direction shows the same asymmetry of the
spin-wave velocities for both branches as the [110] direction,
while it does not exhibit any asymmetry in the intensity of the
branches. As for the [110] direction, data at 1 K (not shown)
closely resemble those at 0.4 K. From Figs. 4(b) and 4(c) it
is furthermore evident that the susceptibility and the width of
the constant-E scans are very similar for the two directions.

The dispersion analysis of A-type CeCu2Si2 has shown
that damped magnons exist both in the antiferromagnetic
and in the paramagnetic phase just above TN. In contrast to
many other antiferromagnetic heavy-fermion systems [25,33–
35], the dispersion is gapless; this, together with the quite
small ordered moment of 0.1 μB/Ce [30], reflects that A-
type CeCu2Si2 is located very close to the quantum critical
point—and thus also to the superconducting phase. We could
also demonstrate that the dispersion relation and the spectral
weight contributions are almost identical for the [110] and the
[001] direction, indicating the truly three-dimensional nature
of the magnetic interactions. Similarly, three-dimensional in-
teractions have been seen in CeCoIn5 (also tetragonal) in the
superconducting state [22]. This has served as an argument
against an exciton scenario in CeCoIn5 [39], since the ques-
tion whether the magnetic interactions are (quasi-)2D or 3D is
important for the superconducting pairing mechanism. Anal-
ogously, our observations question that the exciton scenario is
appropriate for CeCu2Si2.

To compare the inelastic response of A-type CeCu2Si2 to
that of S-type CeCu2Si2 [23,24], we included data of the
S-type crystal in Figs. 1, 2, and 3. A direct comparison of the
data is also shown in the contour plots in Figs. 5(a) and 5(b).
The data of S-type CeCu2Si2 are measured in the normal state
at B > Bc2; in Ref. [23], it was reported that the normal state
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FIG. 5. Contour plots of the dispersion of (a) A-type CeCu2Si2

and (b) S-type CeCu2Si2, the latter measured in the normal state
at B > Bc2 [23]. The black dots show the actual measurement
positions. The color scale denotes neutron counts, normalized to the
incoherent line [29]. A corresponding image of the S-type in the
superconducting state can be found in the publication by Stockert
et al. [24].

at T > TC has very similar excitations. Figure 2 shows that
the dispersion relation of S-type CeCu2Si2 in the normal state
resembles that of A-type CeCu2Si2. The fit for the S-type
sample was done under the assumption that both branches
have the same spin-wave velocity [23]; a free fit also results
in different velocities for both branches, however not quite as
different as for the A-type sample. The pronounced asymme-
try of the intensity of the two dispersion branches is also seen
for S-type CeCu2Si2. The inelastic response of A-type and
S-type CeCu2Si2 differs concerning the susceptibility, which
is larger for the A-type crystal by about a factor of 2.5 already
above TN [cf. Fig. 1(b)]. Figure 3(a) shows that the increase in
intensity mainly happens at low energy transfers. This reflects
the increase of the Kondo effect in the S-type sample, which
prevents the divergence of the susceptibility at QAF. Still, the
increase in Kondo scattering does not lead to an increase of
the damping: Both the lifetime [Fig. 1(c)] and the momentum
transfer width [Fig. 3(c)] have roughly the same magnitude
for both compounds.

Thus, the excitations of the A-type crystal (AF or PM) and
the S-type crystal (normal state) are very similar except for the
reduction of intensity at low energy transfers. This suggests
that the magnetic exchange interaction is nearly identical in
both compounds, in accordance with their close proximity
in the phase diagram. Stockert et al. [24] have discussed the
differences between the normal and the superconducting state
of S-type CeCu2Si2: A spin gap of ≈0.2 meV opens below
Tc, accompanied by a strong increase of spectral intensity just
above the gap. It is demonstrated that there is an exchange

energy saving of roughly 5 μeV per Ce connected to the
spectral weight shift, which can account for the superconduct-
ing condensation energy. With the data of the A-type crystal at
hand, we can now conclude that a similar spectral weight shift
and a comparable exchange energy saving exists between the
antiferromagnetic and the superconducting state, i.e., when
moving along the pressure axis in the phase diagram rather
than the temperature or field axis. This analogy is possible
only because the antiferromagnetic state, as the normal state
of the S-type sample, has a gapless dispersion.

Our comparison of the superconductor and its antiferro-
magnetic reference compound yields the same general trend
for CeCu2Si2 as for cuprates [9–15], pnictides [16–19], and
CeCoIn5 [22,25]: The significant differences in the inelastic
response appear around the zone center at low energies, while
the dispersive excitations at higher energies are very similar.

It is interesting to extend the comparison of CeCu2Si2

to other superconductors with respect to the nature of the
“resonance.” In Ref. [24], it was assumed that the peak
observed in INS lies just above the charge gap, leading to a
principally different situation than in the cuprates or CeCoIn5.
However, a multitude of new measurements indicate that
CeCu2Si2 is a two-band superconductor [40–44], with one gap
being significantly larger than the other (�1 ≈ 4 − 5�2 [43]).
�1 ≈ 5 kBTc is in line with Cu-NQR results [45] and scanning
tunneling spectroscopy [41]. This leaves the spin excitation
just above the spin gap of 3.9 kBTc as an in-gap state. Thus,
the situation might be analogous to that of CeCoIn5.

As for cuprates it was initially assumed for CeCoIn5 that
the resonance is an excitonic excitation within the charge gap.
However, recent INS experiments on Yb substituted CeCoIn5

suggest that the origin of the peak is a magnon rather than
an exciton [22]. The main arguments against the exciton
scenario are the lack of a downward dispersion towards lower
energies and the 3D nature of the interactions [22,39], which
both apply to CeCu2Si2 as well. Within the magnon scenario,
the appearance of the sharp peak is explained by a strong
decrease of the damping in the superconducting state. While
the exciton scenario implies a sign changing superconducting
order parameter, no such implication exists in the magnon
scenario.

In conclusion, we have reported on the INS measure-
ment of the dispersion of antiferromagnetic CeCu2Si2. We
show that the inelastic response closely resembles that of
superconducting CeCu2Si2, except near the zone center at
low energies. These findings are similar to observations in
cuprates, pnictides, and CeCoIn5, reinforcing the idea of a
common, magnetic driving force for superconductivity.
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