
LETTERS
PUBLISHED ONLINE: 10 JULY 2017 | DOI: 10.1038/NPHYS4191

Charge density wave quantum critical point with
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Quantumcritical points (QCPs), atwhich a second-order phase
transition is continuously suppressed to zero temperature, are
currently one of the central topics in solid-state physics1,2. The
strong interest emerges from observations of very unusual
properties at QCPs such as the onset of unconventional su-
perconductivity (SC)3. While QCPs found at the disappearance
of magnetic order are quite common and intensively studied,
a QCP that results from a structural transition is scarce and
poorly investigated. Here, we report on the observation of
a charge density wave (CDW) type of structural ordering
in LuPt2In with a second-order transition at TCDW = 490K.
Substituting Pd for Pt suppresses TCDW continuously towards
T=0, leadingtoaQCPat58%Pdsubstitution.Wefindastrong
enhancement of bulk SC just at the QCP, pointing to a new type
of interaction between CDW and SC.

A quantum critical point (QCP) defines a continuous phase
transition at absolute zero temperature (T= 0) (refs 1,2). It can be
realized by varying a ‘tuning parameter’, pressure andmagnetic field,
or by chemical substitution in a material at T = 0. Since thermal
fluctuations, which are the driving force of transitions at finite
temperature, vanish at T = 0, quantum fluctuations determine the
properties of the transition atT=0; hence the nameQCP.What has
led to a great interest in QCPs are the very unusual properties that
are observed near a QCP, such as unconventional superconductivity
(SC), non-Fermi-liquid or anomalous critical behaviour3–6. Quan-
tum fluctuations are therefore suspected to cause these anomalous
properties, but most aspects are far from being understood and are
still the subject of active discussions. An issue that has attracted
great interest is the appearance of unconventional SC observed at
magneticQCPs, that iswhere amagnetic ordered state is suppressed.
Such unconventional SC states have been reported for very dif-
ferent kinds of compounds, for example heavy-fermion systems3,7,
cuprates8,9 and iron pnictides10,11. There is some evidence that backs
up the hypothesis that the binding of electrons into the supercon-
ducting Cooper pairs is not mediated by phononic excitations as in
classical superconductors, but by magnetic excitations connected to
the disappearing magnetic order12,13. The fact that SC is observed
only in the vicinity of the QCP and presents a strong dependence
on the tuning parameter supports this hypothesis. It often results in
a dome-like shape of the phase diagram of tuning parameter versus
temperature.

However, QCPs are not restricted to magnetic systems; they
can be associated with any continuous phase transition. While
searching for appropriate non-magnetic systems that show a QCP
with associated SC, we looked at compounds that show a charge
density wave (CDW) type of structural transition. CDW systems
present an instability of the electronic states close to the Fermi level

εF, which results in a modulation of the electronic charges below a
transition temperature TCDW (ref. 14). The modulation periodicity
is usually associated with a nesting vector of the Fermi surface.
Therefore, a gap opens in the electronic density of states (DOS)
at εF, N (εF), below TCDW. In one-dimensional (1D) systems, for
which such a transition was initially proposed, this effect changes
the character of the system frommetallic for T >TCDW to insulating
for T <TCDW. In 2D or 3D systems, the gap opens only on a part of
the Fermi surface and, therefore, the conductivity remains metallic
below TCDW. The opening of the gap does, however, lead to a very
characteristic upturn of the resistivity ρ(T ) at TCDW.

Some CDW transitions can be tuned to a T=0 critical point as
well15–21. The appearance or a strengthening of a superconducting
state is frequently found near the vanishing point of the CDW state,
similar to magnetic QCPs. Yet, in this case, it can easily be explained
within the standard BCS-based theories: the gap associated with the
CDW closes at the critical point, resulting in an increase of N (εF),
which, in turn, leads to an increase of the SC transition temperature
Tc. As a consequence, the dependence ofTc on the tuning parameter
is usually rather weak in the non-CDW regime beyond the critical
point16,17,20–23. There is currently no clear evidence that quantum
critical fluctuations associated with the CDW QCP have any
effect on the SC24. Recently, the observation of ubiquitous charge
ordering phenomena in cuprate high-temperature superconductors
has boosted interest in the interplay between SC and charge
ordering25,26. However, in cuprates the CDW seems to compete
with SC27,28.

Here, we report on the discovery of a CDW QCP that shows
a sharp and pronounced peak in the superconducting transition
temperature at precisely the QCP. We found a CDW-like structural
transition in the new Heusler phase LuPt2In at TCDW= 490K. It
was possible to continuously tune TCDW to T=0 by substituting Pd
for Pt and we could then observe bulk SC with a sharp maximum
in Tc just at the critical concentration xc= 0.58. The presence of a
pronounced peak in the superconducting Tc at precisely the CDW
QCP in Lu(Pt1−xPdx)2In is a unique feature among quantum critical
CDW systems and points to a new type of interaction between the
CDW state and SC.

LuPt2In belongs to the well-known RT2X series of compounds,
where R stands for a rare earth, T a noble metal, and X is a p
element, usually In or Sn. At high temperature, both LuPt2In and
LuPd2In crystallize in the cubic Heusler L21-type structure29, as
many other RT2X compounds. A preliminary study indicated
LuPt2In to exhibit a phase transition to a distorted structure at
about 480K, while no evidence for such a phase transition had been
reported for LuPd2In (ref. 29). This gave us the opportunity to look
for a structural QCP in the alloy Lu(Pt1−xPdx)2In.
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Figure 1 | Experimental evidence for the charge density wave order in Lu(Pt1−xPdx)2In. a,b, T dependence of the electrical resistivity ρ(T) and the
magnetic susceptibility χ(T), respectively. Crossed lines illustrate how the transition temperature TCDW has been determined. The drop1χ in the
susceptibility below TCDW reflects the decrease of the DOS at εF due to a partial gapping of the Fermi surface. c, Clear lambda-type anomaly in C(T) of pure
LuPt2In, proving a bulk, second-order-type transition at TCDW. d, Continuous decrease of the integrated intensity of a superstructure Bragg peak
(Q= (2.42±0.05) Å−1) when approaching TCDW from below in a neutron scattering experiment on LuPt2In. The shift between cooling and heating data is
due to the dynamical measurement process.

Polycrystalline samples that cover the whole composition range
were prepared by arc melting. A first clear evidence for a CDW type
of transition at TCDW= 490K in pure LuPt2In is provided by the T
dependence of the resistivity ρ(T ) shown in Fig. 1a. At the highest
temperatures ρ(T ) decreases linearly with T as expected for a nor-
mal metal. At TCDW one observes a clear upturn in ρ(T ) on decreas-
ingT , the typical signature of aCDWtransition. ForT <TCDW,ρ(T )
passes through a maximum, before decreasing towards low T as a
consequence of the freezing out of scattering processes. Increasing
the Pd content x leads to a continuous shift of TCDW to lower T
and to a weakening of the anomaly. Nevertheless, TCDW can be well
resolved inρ(T ) until x=0.52 (TCDW=84K) and in its temperature
derivative until x=0.54 (TCDW≈68K) (see Supplementary Fig. 1).

The partial gapping of the Fermi surface belowTCDW is confirmed
by the T dependence of the susceptibility χ(T ) shown in Fig. 1b. At
high temperatures χ(T ) is essentially T independent as expected
for a non-magnetic metal (see Supplementary Note 1). Its negative
value indicates that the Langevin diamagnetic contribution χDIA is
larger than the sum of the Pauli susceptibility χP of the conduction
electrons and the orbital VanVleck contributionχVV. AtTCDW,χ(T )
drops and becomes even more negative. Since in such intermetallic
compounds both χDIA and χVV are known to be insensitive to
structural phase transitions, the decrease in χ(T ) can be attributed
to a decrease of the Pauli susceptibility χP, reflecting a decrease
in the electronic DOS at the Fermi energy, N (εF). The reduction
in N (εF) can readily be estimated from the drop in χ(T ) using
reasonable assumptions (see below and Supplementary Note 2).
With increasing Pd content the position of the drop in χ(T )
continuously shifts to lower T . In doing so, its position agrees nicely
with that of the anomaly in ρ(T ).

X-ray and neutron scattering studies give direct evidence for the
structural transition associated with the CDW (see Supplementary
Note 3). At T <TCDW additional peaks appear in the T -dependent
diffraction patterns of LuPt2In. In the X-ray diffraction patterns

of Pd-substituted samples taken at 300K, these additional peaks
disappear for Pd content larger than 0.2, in accordance with TCDW
dropping below 300K for x& 0.2. These peaks indicate a modula-
tion of the structure for T <TCDW. In contrast, we did not observe
any evidence that the Bragg peaks of the high-T phase split below
TCDW, which implies that the low-T structure in the CDW phase
retains a cubic symmetry. A preliminary single-crystal X-ray study
indicates a doubling of the unit cell along all three crystallographic
directions. The main change at TCDW seems to be a rotation of the
Pt cubes within the Heusler structure (see Supplementary Note 3,
Supplementary Fig. 4 and Supplementary Movie).

The anomalies in ρ(T ) and χ(T ) at TCDW are rather kink-
like than step-like, indicating a continuous, second-order type
of transition. This is rather unusual for a structural transition.
Therefore, we studied the evolution of the order parameter in
LuPt2In directly by tracing the intensity of one of the additional
Bragg peaks connected with the CDW using neutron scattering.
Three sets of data are plotted in Fig. 1d. Two sets were obtained
by taking data while continuously cooling or heating the sample,
resulting in a high density of points. A third set of data with only few
points was obtained at stabilized temperatures. All data agree nicely:
below TCDW the Bragg peak intensity increases continuously with
decreasing T , without any step at TCDW, confirming the transition to
be second-order. The data can bewell described in the range 320K<
T <TCDW by a power law I∝ (TCDW−T )a with 0.44<a<0.8. Since
the intensity is proportional to the square of the order parameter,
this would correspond to a critical exponent between 0.22 and 0.4,
which is in the range expected for 3D systems.

A measurement of the specific heat of pure LuPt2In in the
vicinity of TCDW gives further evidence for the transition being
second-order (Fig. 1c). We observe a clear lambda-type anomaly
at TCDW, with a sharp rise on the high-T side of the transition and
a smoother decrease on the low-T side, typical of a continuous
transition. A first-order transition broadened by disorder would
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look symmetric around TCDW (see, for example, ref. 30). The
anomaly in C(T ) at TCDW is about 20 Jmol−1 K−1, which is between
the values of 8 Jmol−1 K−1 and 30 Jmol−1 K−1 that are observed in
the archetypical CDW systems K0.3MoO3 (ref. 31) and Sr3Rh4Sn13
(ref. 19), respectively, and far below 150 Jmol−1 K−1 measured at the
first-order CDW transition in Lu5Ir4Si10 (ref. 30). After subtracting
an extrapolated phononic and electronic background (CBG = 4 ·
3R+γ0T , dotted line in Fig. 1c), we estimate the entropy connected
with the CDW to be of the order of 2.3 Jmol−1 K−1, which is similar
to that reported for K0.3MoO3 (ref. 31).

We collected all of the information on TCDW from ρ(T ), χ(T ),
C(T ) and structural studies to draw a first phase diagram (Fig. 2).
TCDW decreases linearly with increasing Pd content x , from 490K at
x= 0 to 68K at x= 0.54. The large T range where the decrease in
TCDW(x) can be observed (almost one decade in T ) provides a reli-
able basis to further extrapolate the phase transition line to T=0,
which is reached at xc≈ 0.58. The features observed in χ(T ) and
ρ(T ) at TCDW do not sharpen up on decreasing TCDW, instead they
become smoother, indicating that the transition stays continuous
down to the lowest observed TCDW. Hence, there is no evidence for
a change from a continuous to a first-order type of transition before
reaching the QCP, as proposed and observed for metallic ferromag-
netic systems32. Thus, our experimental results on the CDW tran-
sition in Lu(Pt1−xPdx)2In reveal all of the preliminary ingredients
required for a QCP: a continuous decrease of the ordering tempera-
ture of a continuous transition over almost one decade in T , without
change to a first-order type of transition on approaching T=0.

But the most interesting aspect of this CDW transition was
discovered by extending the resistivity measurements to below 2K.
A sharp drop of ρ(T ) to ρ = 0 indicates the onset of SC at a
transition temperature Tc that strongly depends on the Pd content
(Fig. 3b). To probe the bulk nature of the superconducting phase,
we used the specific heat C(T ). We observed large mean-field
type anomalies in C(T )/T at temperatures where ρ(T ) drops to
zero (Fig. 3a). The jump in C(T )/T is comparable to the value
of the electronic specific heat γ0, proving that the SC is a bulk
phenomenon. Further confirmation of bulk SC is provided by a
magnetization loop measured on the sample with the highest Tc,
which evidences aMeissner effect of at least 80% (see Supplementary
Note 4 and Supplementary Fig. 5a). A study of the specific heat of
the x = 0.54 sample down to 120mK suggests that the SC order
parameter is fully gapped, but with at least two different gap sizes
(see Supplementary Note 4 and Supplementary Fig. 5c). From the
specific heat alone, it is not possible to distinguish whether this
is due to different gaps on different Fermi surfaces or a strongly
anisotropic gap on one Fermi surface.

The bulk Tc was deduced for each sample from the specific heat
data using an equal entropy analysis. Tc increases from 0.45K in
pure LuPt2In to a sharp maximum (Tc= 1.10K) just at xc= 0.58,
where the CDW disappears and drops again to below 0.35K in
pure LuPd2In (Fig. 4d). To the best of our knowledge such a sharp
maximum in Tc(x) has never been observed at a structural or CDW
QCP (see Supplementary Note 5). Instead, CDWusually exhibits an
almost constant or only slowly decreasing Tc on the non-ordered
side of the critical point16,17,20,21. We can, for example, compare it
with the series (Ca1−xSrx)3Rh4Sn13 and (Ca1−xSrx)3Ir4Sn13, which
have recently attracted strong attention in the context of structural
quantum criticality and SC. There, Tc shows only a very weak and
very smooth dependence on composition or pressure, without any
anomaly at the QCP18,19. Most of the superconducting properties
evolve monotonously across the QCP22,23. One might argue that
the sharp peak in Tc(x) at the QCP in Lu(Pt1−xPdx)2In can easily
be accounted for within standard models for electron–phonon-
mediated SC, since the vanishing frequency of the softmode phonon
can result in a peak in the electron–phonon coupling constant λ at
the QCP. However, present theoretical knowledge shows that this
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Figure 2 | Temperature–composition phase diagram. TCDW values
determined in di�erent experiments agree nicely and show a linear
decrease with increasing Pd content. The linear extrapolation of TCDW to
T=0 indicates a CDWQCP at xc=0.58.

peak in λ does not result in a peak in Tc, because the phonon
frequency also provides the scale for its effect on Tc. A detailed
theoretical study about how Tc is affected by the specific part of the
phonon spectra shows that the influence of a phononwith frequency
ω on Tc peaks for ω& 2πTc, but decreases linearly to zero when ω
drops to zero33 (see the more detailed discussion in Supplementary
Note 5). Thus, within standard models, when a phonon becomes
soft, it may increase Tc as long as its frequency is well above 2πTc,
but on further softening this increase will vanish andmay even turn
into a decrease. Therefore, the sharp maximum in Tc(x) observed
just at the QCP in Lu(Pt1−xPdx)2In cannot simply be explained
by the softening of the CDW phonon mode to ω= 0; one needs
an additional mechanism. Further analyses of specific heat and
resistivity at low T hint towards a possible origin of this mechanism.

The analysis of the specific heat data provides further insight into
the evolution of the electronic states and of the lattice excitations
across the QCP. The C(T ) data above the respective Tc were
fitted with the standard power law C(T )= γ0T + βT 3, where γ0
is the Sommerfeld coefficient of the electronic specific heat and
βT 3 accounts for the phonon contribution (see Supplementary
Fig. 6a). Figure 4a shows the evolution of γ0 as a function of x .
In pure LuPd2In γ0 amounts to 6.2mJmol−1 K−2, a typical value
for such an intermetallic compound. This value agrees nicely with
results from density functional theory (DFT) calculations (see
Supplementary Note 6). Substituting Pd by Pt initially leaves γ0
unaffected, but once the Pd content drops below xc and CDW sets
in, γ0 starts to decrease and levels out at a 30% smaller value at
low Pd contents. This indicates that in pure LuPt2In about 30% of
N (εF) becomes gapped through the CDW transition. We also plot
in Fig. 4a the 1γ estimated from the drop in the T -dependent
susceptibility χ(T ) below TCDW assuming a Wilson ratio of 1 (see
Supplementary Note 2). The increase in 1γ with decreasing x
slightly overcompensates the decrease in γ0, which would imply
that the renormalized DOS N ∗(εF) of the high-T phases slightly
increases from x = xc to x = 0. DFT calculations predict the
unrenormalized N (εF) in the high-T phase of LuPt2In to be almost
identical to that in LuPd2In (see Supplementary Note 6).

The analysis of theC(T ) data reveals a further interesting feature:
a sharp maximum in the coefficient β of the phononic specific
heat at the QCP (see Fig. 4b). Starting again from pure LuPd2In,
β increases strongly with decreasing Pd content up to a 4 times
larger value at x = xc and then drops again by almost 40% at
higher Pt content. In comparison, the effect expected from the
increase in the atomic masses, which is depicted by the dotted line
in Fig. 4b (for calculation, see Supplementary Note 7) is much
weaker. This indicates that there is a strong softening of some
phononic excitations on substituting Pt for Pd, which peaks at
the QCP at xc, but remains sizeable in pure LuPt2In. Since this
effect is visible in the specific heat below 2K, the energies of the
respective modes have to drop to values below 10K. We observed
a correlated effect at the transition at TCDW=490K in pure LuPt2In.
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In inelastic neutron scattering data the intensity at small energy
transfer, 0.4meV, is significantly larger at T=TCDW than at higher
or lower T (see Supplementary Fig. 6b). This indicates a softening
of some phonon modes to energies below 1meV at the CDW
transition. The observation of such low-lying modes at the finite
T transition at TCDW= 490K in pure LuPt2In and at the quantum
critical transition at xc=0.58 gives further indirect support for the
continuous character of both transitions.

Further analysis of the resistivity ρ(T ) indicates a strong inter-
action between these soft phonons and the conduction electrons.
Comparing the T dependence of the normalized ρ(T ) below 20K
for different Pd contents reveals an increase of the inelastic scattering
at T below 10K, respective to that at 25K, when x approaches xc
from both sides (see Supplementary Fig. 7). This can be quantified
by fitting these ρ(T ) data with a power law ρ(T )=ρ0+AT n. The
exponent n displays a pronounced and quite sharp minimum at
x= xc, dropping from n≈2.6 in the pure compounds to 1.8 at the
QCP (Fig. 4c). An exponent n close to 3, as we observe far away
from theQCP, is not unusual and is commonly ascribed to dominant
phonon-assisted interband scattering (see, for example, ref. 34).

Studies of the low-T dependence of ρ(T ) at CDW QCPs are scarce
and therefore there is not much knowledge on the expected expo-
nent right at the QCP. A minimum in the exponent n was reported
for the pressure-induced CDWQCP in TiSe2, but there the decrease
in n is less pronounced, from n≈ 3.0 to 2.6 (ref. 35). Therefore, a
comparison with antiferromagnetic (AFM) QCPs, which have been
the subject of extended studies4,5, is helpful. A sharp minimum in
n at the AFM QCP is meanwhile well established and has become
a hallmark for identifying an AFM QCP. However, the precise
exponent at the AFM QCP is not universal and still the subject of
intense discussion (see, for example, ref. 36). Thus, the pronounced
composition dependence of the thermal exponent n of ρ(T ) and
of the coefficient β of the low-T phononic specific heat, with clear
extrema right at the CDW QCP, reflects a strong increase in the
critical fluctuations when approaching the CDWQCP. Interestingly,
the dependence of Tc(x) on composition mimics that of n(x) and
β(x). This correlation indicates that critical fluctuations are an im-
portant ingredient for the mechanism leading to the peak in Tc(x).
Our observations suggest therefore an unusual connection between
critical fluctuations and the pairing mechanism in Lu(Pt1−xPdx)2In.
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These experimental results indicate a strong connection between

the structural transition and the electronic and phononic properties.
Results of DFT-based calculations provide some insight into these
properties and indicate possible origins for this CDW type of tran-
sition (see Supplementary Note 6). On the one hand N (ε) close to
εF is small and flat (see Supplementary Fig. 8b). Thus, a mechanism
based on the splitting of a narrow peak in N (ε) near εF, such as, for
example, a band Jahn–Teller effect, as for the martensitic transition
in Nb3Sn (ref. 37), can be excluded. Nevertheless, the calculated
Fermi surfaces display some nesting behaviour, which is however
not stronger in the Pt than in the Pd compound. Instead, strong
differences between the two compounds are observed in other rel-
evant features: the calculated phonon dispersion relation displays
evidence for a phonon softening at the X-point in the Brillouin zone,
the softening being much stronger in LuPt2In than in LuPd2In (see
Supplementary Fig. 8c). Accordingly, the main differences in the
electronic states near εF between the Pt and the Pd compounds
are observed along the 0–X direction, with one flat band with
strong Pt/Pd character being pushed from slightly below to slightly
above εF (see Supplementary Fig. 8a). This might be the root cause
of the CDW type of structural transition. Since these changes in
the electronic states are related to the much stronger spin–orbit
interaction of Pt, this CDWwould then be a spin–orbit-induced one.

In summary, LuPt2In presents at T = 490K a structural transi-
tion with all main attributes of a CDW. The symmetry stays cubic,
but a modulation of the structure, probably connected with rotation
of Pt cubes, results in a doubling of the unit cell in all directions. The
continuous evolution of all studied properties across TCDW indicates
that this transition is second-order, which is quite unusual since
most CDWand structural transitions are first-order. Substituting Pd
for Pt results in a linear decrease ofTCDW with increasing Pd content,
which can be traced over almost one order of magnitude in T . This
indicates that the CDW disappears at a QCP at xc≈ 0.58. A pro-
nounced peak in the coefficientβ of the phononic specific heat and a
pronounced dip in the T exponent of the low-T electrical resistivity
just at xc evidence strongly enhanced fluctuations at the QCP as
expected for a quantum critical transition. Most interestingly, the
bulk SC that we observed in the alloy shows a strong dependence of
Tc on compositionwith a pronounced and sharp peak inTc(x) just at
the QCP: Tc=1.10K at x=xc is more than a factor of 2 larger than
in pure LuPt2In (Tc= 0.45K) or in LuPd2In (Tc< 0.35K). Such a
sharp peak inTc has yet not been observed at any structural or CDW
QCP. The clear correlations in the composition dependence of Tc,
of the thermal exponent n and of the coefficient β of the phononic
specific heat indicate that the critical fluctuations associated with
the CDWQCP play an important role in enhancing Tc at the CDW
QCP. This suggests a new type of interaction between the critical
fluctuations at a QCP and superconductivity.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Sample preparation. Polycrystalline samples were synthesized by arc
melting stoichiometric amounts of pure elements (Lu 99.9915%, Pt 99.99%,
Pd 99.95% and In 99.9999%) and subsequent annealing at 1,073K for 150 h in
dynamic vacuum. Thin bar-shaped (typical length 7mm) and flat plate-like
(typical mass 80mg) samples were prepared for electrical transport ρ(T ) and
calorimetric measurements C(T ), respectively. For χ(T ) andM(H)
measurements we used samples as large as possible (100mg<m< 450mg) to
increase accuracy of the data. For X-ray diffraction, a small part of each sample was
ground to fine powder and subsequently annealed to remove stress
and defects.

Physical characterization. Specific heat and electrical resistivity in the T range
0.35K<T < 400K were measured in a commercial Quantum Design (QD) PPMS
equipped with a 3He option. For the high-temperature resistivity up to 600K we
used a commercial ULVAC-RIKO ZEM-3 device. We employed a differential
scanning calorimeter (PerkinElmer DSC 8500) to obtain the specific heat at
temperatures between 300K and 570K. The specific heat in the millikelvin regime
was determined with a relaxation method in a 3He/4He dilution refrigerator. The
magnetic properties above 1.8 K were measured using a QD SQUID VSM, while

low-temperatureM(H) and χ(T ) data were collected in a QDMPMS equipped
with a 3He option.

Scattering experiments. Room-temperature X-ray powder diffraction patterns
were recorded on a STOE Stadip MP instrument in transmission mode with
Cu Kα1 radiation. Their temperature dependence was studied in a different STOE
Stadip MP using a double capillary technique. Details on the determination of the
low-T structure are given in Supplementary Note 3.

Neutron scattering experiments were performed at the time-of-flight
spectrometer IN6 (λi=4.1 Å) at the ILL, Grenoble. About 10 g of a powdered
LuPt2In sample was placed inside a hollow circular aluminium can and measured
in reflection to avoid strong neutron absorption. The background and the detector
efficiency were determined by measuring the empty sample holder and a vanadium
reference, respectively. Temperatures above room temperature were accessed with
a cryoloop.

Data availability. The inelastic neutron scattering data are available at
http://dx.doi.org/10.5291/ILL-DATA.7-02-148. All other raw and derived data that
support the plots within this paper and other findings of this study are available
from the corresponding authors on reasonable request.
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