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We investigate the pressure effects on the electronic structures and phonon properties of rare-earth-based
cubic-Heusler compound LuPd2In, on the basis of ab initio density functional theory. We find the
occurrence of intriguing phase transition from the superconducting (SC) to charge-density wave (CDW)
state under pressure (P), which is quite unusual in that the pressure is detrimental to the CDW state in usual
systems. The SC transition temperature TC of LuPd2In increases first with increasing pressure, up to
PC ≈ 28 GPa, above which a quantum phase transition into the CDW state takes place. This extraordinary
transition originates from the occurrence of phonon softening instability at a special q ¼ M in the Brillouin
zone. We thus propose that LuPd2In is a quite unique material, in which the CDW quantum critical point is
realized under the SC dome by applying the pressure.
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The competition between superconductivity and charge-
density wave (CDW) state has been studied during the last
half-century in various materials of different structures. The
typical examples include A15 compounds [1,2], A3T4Sn13
(A ¼ La; Sr, Ca, T ¼ Ir, Rh) [3–6], and transition-metal
dichalcogenides such as IrTe2 [7], AuTe2 [7–10], 2H-TaS2,
2H-TaSe2 [11], and 1T-TiSe2 [12]. Despite the diversity in
materials, all the above compounds exhibit the common
phase diagram, as depicted in Fig. 1(a). Those materials
exhibit the CDW phases with the pronounced peak struc-
tures in the Lindhard susceptibilities of the parent
compounds. In general, with tuning parameters, such as
doping, intercalation, and pressure, the CDW phase gets
destabilized with diminished CDW transition-temperature
(TCDW), and then the superconductivity is developed at
low temperature (T) due to the enhanced electron-
phonon coupling, as shown in Fig. 1(a). When TCDW
decreases continuously down to zero at the point of a
certain parameter value, we call such point a CDW
quantum-critical point (QCP). As shown in Fig. 1(b),
LuðPt1−xPdxÞ2In of present interest shows a super-
conducting (SC) dome with the maximum TC at the
QCP. Although the magnetic QCP has been frequently
reported near the vanishing point of magnetic order in
heavy fermions [13–15], iron pnictides [16–21], and high-
TC cuprates [22–26], the direct observation of the CDW
QCP has been rare. The CDW QCP has been only recently
identified in A3T4Sn13 [3–6] and o-TaS3 [27] by increasing
pressure or intercalation. The rare-earth-based full-Heusler

compound LuðPt1−xPdxÞ2In has also been studied as a
candidate of a CDW QCP system by Gruner et al. [28]. As
shown in Fig. 1(b), LuPt2 In exhibits the CDW transition at
TCDW ¼ 490 K, and the substitution of Pd for Pt induces
the linear decrease of TCDW toward zero with the destabi-
lization of CDW. Interestingly, even before TCDW becomes
zero, the emergent superconductivity coexists at low T
inside the CDW state of LuðPt1−xPdxÞ2In, where TC
increases with Pd substitution. Then the TC has a maximum
value (1.10 K) at the CDW QCP with x ¼ 0.58 of Pd
substitution, where TCDW becomes zero. The next natural
question is how the pressure affects the SC properties in
LuðPt1−xPdxÞ2In. LuPd2In is also a superconductor with TC
less than 0.35 K [28]. It is tempting to expect that the
pressure will enhance the TC of LuPd2In.
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FIG. 1. (a) A common T − P (or doping) phase diagram of
typical CDW-SC competing materials. (b) The observed T vs
Pd-substitution phase diagram for LuðPt1−xPdxÞ2In [28]. (c) A
schematic T − P phase diagram of LuPd2In. QCPs are denoted
by red arrows. For all three cases, CDW and SC states coexist in
their overlapped regime. Insets of (b) and (c) show the crystal
structures of LuPt2 In and LuPd2In, respectively.
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In this Letter, we have investigated the pressure effects
on the electronic structures and phonon properties of
LuPd2In, employing density-functional theory (DFT) cal-
culations. We have observed an extraordinary phonon
softening anomaly at q ¼ M in LuPd2In under pressure.
In consequence, TC of LuPd2In becomes enhanced with
increasing pressure, up to 1.36 K at the QCP, at which the
softened phonon eventually has an imaginary frequency,
suggesting the CDW instability. We have clearly shown that
the phonon softening instability indeed originates from
the enhanced electron-ion deformation potential under
pressure. In this way, we have demonstrated that unusual
pressure-induced quantum phase transition to a CDW state
can be realized with the QCP under the SC dome in
LuPd2In, as depicted in Fig. 1(c), which is quite distinct
from other typical CDW-SC competing materials shown in
Fig. 1(a). We predict that a maximum TC can be attained for
LuPd2In at the QCP of PC ≈ 28 GPa.
Band structures and susceptibilities were obtained by

employing the full-potential band method implemented
in the WIEN2k package [29]. Phonon dispersions and
electron-phonon coupling (EPC) constants were obtained
by using the density-functional perturbation theory [30]
implemented in the QUANTUM ESPRESSO package [31].
Computational details are provided in the Supplemental
Material [32].
Figures 2(a)–2(c) show the band structures of LuPd2In

along the symmetry lines of the cubic Brillouin zone (BZ)
of conventional unit cell [see Fig. S2(h) in the
Supplemental Material [32] ] for different pressures. Pd
4d states mainly contribute to the bands near the Fermi

level (EF) for the considered pressure range. While the
overall bandwidths including conduction and valence
bands increase with increasing pressure, the bandwidths
near EF increase only slightly. Also, the shapes of the band
structures near EF are almost unchanged under pressure,
which indicates the invariance of the Fermi surface (FS)
topology.
To investigate the electronic instability, we have calcu-

lated the real part of charge susceptibility (χq) with
changing pressure. As shown in Fig. 2(d), at the ambient
pressure, the pronounced χq peaks are located along M–R,
signifying the existence of the possible electronic insta-
bilities along those q lines. This feature is sustained under
the variation of pressure, as shown in Fig. 2(e). But the
intensity of χq at each q is reduced with increasing
pressure, as the behavior of the density of states (DOS)
at EF in Fig. 2(f). The decrease of susceptibility appears to
suggest that the structural instability becomes weakened
with increasing pressure, as in typical CDW systems of
Fig. 1(a), which, however, turns out to be not true
for LuPd2In.
To investigate the phonon and SC properties of LuPd2In,

we have calculated the phonon dispersion, phonon density of
states (PDOS), Eliashberg spectral function [α2FðωÞ], and
the EPC constant (λqν) with varying pressure, as provided in
Fig. 3. The magnitude of λqν is represented by the color
in the phonon dispersion curve in Fig. 3(a). At the ambient
pressure, the contributions from all the atoms to the PDOS
are more or less similar in the low-frequency region
(below 8 meV) with a slightly larger value from Pd. The
contribution of the lightest element (In) is dominating in the
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FIG. 2. (a)–(c) Band structures and DOS of LuPd2In for different pressures. Bands are plotted along the symmetry lines of the cubic
BZ. (d) The contour plots of real part of charge susceptibility χq of LuPd2In at the ambient pressure. (e),(f) The behaviors of χq and the
total DOS at EF with increasing pressure.
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high-frequency region (16–20 meV), while the contribution
of Lu is prevalent in the overall frequency range.
It is notable in Fig. 3(a) that the lowest-energy normal

mode (ν1) at q ¼ M, having fourfold degeneracy, shows the
phonon softening anomaly. Another prominent feature is
that λMν1 is much larger than other λqν’s by 10 times. This
indicates that λqν at q ¼ M is distinctively large.
Accordingly, the total EPC constant λtot (¼ 0.506) is
contributed mainly from λMν1 . Utilizing McMillan’s for-
mula, shown in the Supplemental Material [32], we obtain
TC ¼ 0.45 K for LuPd2In at the ambient pressure, as is
consistent with the experimental result [28].
Under pressure, phonons tend to be hardened due to the

increment of the bond strength between ions. Indeed, for
LuPd2In, the overall phonon dispersions at 22.2 and
47.7 GPa in Figs. 3(b) and 3(c) become more hardened
than that at the ambient pressure, manifesting the wide-
spread PDOS in Figs. 3(b) and 3(c). By contrast, the
phonon frequency at M, having the largest λ, becomes
softened with increasing pressure. Figure 4(a) shows the
evolution of the frequency of the ν1 (q ¼ M) mode under
pressure. We have observed that it becomes imaginary at
P ≈ 28 GPa, signifying the CDW structural instability.
This result indicates that LuPd2In having the non-CDW
SC ground state at the ambient pressure will experience the
CDW transition with increasing pressure, as shown in the
phase diagram of Fig. 1(c). Furthermore, this suggests that
P ≈ 28 GPa would be the QCP in pressurized LuPd2In, at
which TC would have a maximum value.
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We have also checked the variation of λqν with increasing
pressure in Fig. 4(b). All the λqν’s go down with pressure
except for λMν1. Hence, despite the suppression of other
λqν’s, the increment of the λMν1 brings about an eventual
increase of λtot with increasing pressure, which yields the
enhancement of TC up to 1.37 K at 22.2 GPa, as shown in
Fig. 4(f).
Our finding reveals that TC of LuðPt1−xPdxÞ2In can be

enhanced not only by substitution of Pd [28] but also with
increasing pressure. Moreover, LuPd2In experiences the
abnormal pressure-induced phase transition from SC to
CDW state with the emergence of quantum criticality. The
pressure-induced CDW transitions were also observed in
some semiconducting systems like SnSe2 [41]. For SnSe2,
it happens because a newly developed FS due to applied
pressure has either the high DOS at EF or the nesting
feature. However, LuPd2In under pressure shows neither
the high DOS at EF nor the change in the FS topology, as
shown in Figs. 2(e) and 2(f). Therefore the pressure-
induced CDW transition observed in LuPd2In is quite
unusual in metallic systems.
Now we address the questions of why only λMν1

increases with pressure and why the abnormal transition
takes place in pressurized LuPd2In, in spite of the
reduction of χq and DOS at EF. In the McMillan-
Hopfield formula [34,35], λtot can be expressed as
λtot ¼ f½NðEFÞ�=½hω2i�gf½hjDj2i�=½MI�g, where NðEFÞ is
the total DOS at EF, hjDj2i is the averaged deformation-
potential square, MI is the ionic mass, and hω2i is the
averaged phonon-frequency square. Here, the deformation-
potential D is defined as the derivative of electron-ion
interaction with respect to ion displacement [32]. Because
the main contribution of λtot comes from λMν1 , one can
approximate the value by λtot ≈ ½NðEFÞ=hω2

Mν1
i�

½hjDMν1 j2i=MI�. So far, the magnitude of deformation-
potential Dqν has been checked only indirectly by compar-
ing the band splitting near EF between the original and the
distorted structure induced by the corresponding normal
mode. Here, we measured hjDqνj2i for each q and ν directly
from the phonon linewidth γqν. Namely, as described in
the Supplemental Material [32], the average value of
hjDqνj2i=MI is related to γqν. Figure 4(c) provides the
evaluated hjDqνj2i=MI values for ν optical mode at each q
for different pressures. As expected, the hjDqνj2i=MI
values are enhanced with pressure due to the increase of
bonding strength. It is worth noting that the increasing rates
of hjDqνj2i=MI with pressure at q ¼ M and R are much
larger than those at X and Γ. This implies that the EPC term
in LuPd2In is strengthened at bothM and R under pressure.
The increasing hjDqνj2i=MI with pressure will enhance λqν,
but the decreasing NðEFÞ in Fig. 2(f) and the increasing
ωqν (q ≠ M) in Fig. 3 with pressure will reduce λqν. As a
consequence of two opposite contributions, all the λqν’s
except for λMν1 decrease with increasing pressure, as shown
in Fig. 4(b). Note that even λRν1 , having the largest

hjDqνj2i=MI, becomes reduced. By contrast, λMν1 becomes
enhanced because ωM;ν1 approaches toward zero with
increasing pressure, despite the decreasing NðEFÞ.
Namely, the increase of λtot in pressurized LuPd2In is
caused mainly by the soft phonon mode and the increased
hjDqν1 j2i=MI at q ¼ M.
Let us discuss the pressure-induced CDW transition in

LuPd2In. As shown in the Supplemental Material [32], the
renormalized phonon frequency ωqν is obtained from the
pole of the phonon Green’s function,

ω2
qν ¼ Ω2

qν −
�hjDqνj2i

MI

�
χq; ð1Þ

where Ωqν is the bare phonon frequency. The imaginary
phonon frequency, signifying the CDW instability, occurs
when the second term on the right-hand side in Eq. (1) is
larger than the first term. Figure 4(d) shows the estimated
second term on the right-hand side of Eq. (1). While
hjDqν1 j2iχq=MI at X and Γ are almost constant, those at M
and R increase substantially with increasing pressure,
despite the suppression of χq. Note that the increasing rate
of hjDqν1 j2iχq=MI with pressure at M is larger than that at
R. Although we do not directly determine the bare phonon-
frequency square (Ω2

qν) in the DFT, we can estimate it from
Eq. (1) with the calculated ω2

qν1 in Fig. 2 and the obtained
hjDqν1 j2iχq=MI in Fig. 4(d). The estimated Ω2

Mν1
(23.2 meV2) turns out to be much smaller than Ω2

Rν1
(57.1 meV2), by 2.5 times at the ambient pressure. In
general,Ω2

qν values increase with increasing pressure due to
the increment of bonding strength, and it is expected that
the difference between Ω2

Mν1
and Ω2

Rν1
is maintained. Then

we can conjecture that the relatively small Ω2
Mν1

value and
the rapidly increasing jDqν1 j2χq=MI with pressure produce
the phonon softening at q ¼ M, which induces the CDW
transition in pressurized LuPd2In above P ≈ 28 GPa.
Figure 4(e) shows the variation of bond lengths for the

nearest-neighbor (NN) Pd-Lu/In and the next-NN Pd-Pd
with increasing pressure. Both bond lengths monotonically
decrease with increasing pressure. It is noteworthy that,
above PC ≈ 28 GPa of the CDW transition, both Pd-Pd and
Pd-Lu/In bond lengths are split due to the emergence of the
CDW phase, suggesting that the splitting size can be taken
as the CDW order parameter. Indeed, it is seen in Fig. 4(e)
that this order parameter increases continuously with
increasing pressure, implying the second-order phase
transition [19,42,43]. The splitting increases with pressure,
which in turn enhances the rotation of Pd cubes.
The unit cell of the CDW-distorted structure hasffiffiffi
2

p
×

ffiffiffi
2

p
× 1 of original unit cell with the axes rotated

by 45° (see Fig. S1 in the Supplemental Material [32].)
Interestingly, the CDW structure of LuPd2In is identical to
that of LuPt2 In [44]. The energy gain in the CDW structure
is 0.02 meV/f.u. at P ¼ 35.7 GPa. The energy gain
increases up to 1.67 meV=f:u: at P ¼ 69.1 GPa, as shown
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in Fig. 4(f). This result indicates that the CDW state in
LuPd2In becomes more and more stable with increasing
pressure. We have checked whether the superconductivity
survives in the CDW phase of LuPd2In. Because of very
large unit cell of the CDW state, phonon calculations
require heavy computational cost, and so we evaluated λ at
only Γ point [45]. We obtained TC ¼ 1.18 K with λ ¼
0.557 in the CDW state at P ¼ 48 GPa. This result
suggests that the SC state and the CDW state would
coexist in the high-pressure CDW phase of LuPd2In, as
shown in Fig. 4(f). Because of the suppression of DOS at
EF at the elevated pressure, the SC state in the CDW phase
will eventually be suppressed with increasing pressure,
which gives rise to a SC-dome feature in Fig. 4(f).
In conclusion, we have found the unusual pressure-

induced quantum phase transition to a CDW state with the
QCP under the SC dome in LuPd2In. We have demon-
strated that this abnormal transition originates from the
extraordinary softened phonon mode at the special q ¼ M,
which first enhances λtot and TC, but eventually yields the
phonon softening instability so as to induce the CDW
transition. We have predicted that the CDW QCP can be
realized in LuPd2In by applying pressure of P ≈ 28 GPa.
Experimental verifications of phonon softening at q ¼ M
and the pressure-induced CDW instability in LuPd2In
are urgently demanded to corroborate the underlying
physics of unusual CDW QCP, observed in rare-earth-
based full-Heusler compound LuðPt1−xPdxÞ2In.
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