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We have measured crystalline electric field (CEF) excitations of Nd3+ ions in the two-channel Kondo
lattice candidates NdT2Zn20 (T = Co, Rh, and Ir) by means of inelastic neutron scattering (INS). In the INS
measurements at 5 K, dispersionless excitations were observed at 3.8 and 7.2 meV for T = Co, 3.1 and 5.8 meV
for T = Rh, and 3.0 and 5.3 meV for T = Ir. Analyses of the temperature dependence of the INS spectra confirm
that the CEF ground states are the �6 doublet, that is a requisite for manifestation of the magnetic two-channel
Kondo effect. For T = Co, a shoulder was observed at 7.7 meV close to the CEF excitation peak centered at
7.2 meV. The shoulder is attributed to a bound state of the CEF and low-lying optical phonon excitations.

DOI: 10.1103/PhysRevB.107.075114

I. INTRODUCTION

Strongly correlated electron systems with caged structures
such as filled skutterudite, pyrochlore, and clathrate com-
pounds have attracted much attention [1–4]. In the caged
compounds, strong electron-electron and/or electron-phonon
interactions are enhanced by entanglement of (quasi-) de-
generate degrees of freedom of highly coordinated atoms.
Thereby, they show a variety of phenomena, e.g., heavy
fermion behavior, multipole order, unconventional super-
conductivity, and high-efficient thermoelectricity. When a
rare-earth ion is encapsulated in a highly symmetric cage,
the crystalline electric field (CEF) effect is weakened and
hybridization of the 4 f electrons with conduction electrons
(c– f hybridization) is strengthened in total by the sphere-like
arrangement of the caged atoms.

This situation could give rise to anomalous metallic states
due to the interaction between low-lying CEF levels. Among
the filled skutterudite compounds, PrOs4Sb12 shows uncon-
ventional superconductivity below Tc = 1.85 K [5]. Initially,
research interest focused on the issue of how the 4 f 2 electrons
would affect the superconducting pair formation. However,
the weak CEF splitting hindered a determination of the
CEF ground state [5–7]. Eventually, it was confirmed that
the ground state is a �1 singlet with a first excited �

(2)
4

triplet at 0.7 meV above the ground state [8]. Taking the
quasidegenerate low-lying state into consideration, the 4 f
collective excitations described as quadrupole excitations
could be associated with the heavy-fermion superconducting
state [9,10].

*onimaru@hiroshima-u.ac.jp

For another family of compounds RT2X20 (R: rare-earth
element, T: transition metal, X = Al, Zn, Cd, and Mg), trans-
port and magnetic properties have been extensively studied
in the past decade. They crystallize in the cubic CeCr2Al20-
type structure with the space group of Fd 3̄m (No. 227, Oh

7).
The R3+ ion with the cubic Td point group is encapsulated
in a Frank-Kasper cage formed by sixteen X atoms [11]. In
non-Kramers �3 doublet systems with 4 f 2 configuration, e.g.,
PrT2Zn20 (T = Rh and Ir) and PrT2Al20 (T = Ti and V), super-
conducting transitions manifest themselves in the presence of
quadrupole order [12–17]. Non-Fermi liquid (NFL) behaviors
of the electrical resistivity ρ(T ), the magnetic specific heat
Cm, and the elastic constant are consistent with the scenario of
the two-channel (quadrupole) Kondo effect, where the local
quadrupole is over-screened by the two equivalent conduction
bands [18–22].

In isostructural NdT2X20 with 4 f 3 configuration, on the
other hand, ferromagnetic (FM) or antiferromagnetic (AFM)
transitions were observed depending on the combination of T
and X [23–27]. They are proposed as candidates exhibiting
magnetic two-channel Kondo effect, i.e., the magnetic analog
of the quadrupole Kondo effect, by a numerical renormaliza-
tion group calculation with a seven-orbital impurity Anderson
model [28]. The theoretical calculation proves the residual
entropy of 0.5Rln2, that is a characteristic of the two-channel
Kondo effect, in a wide parameter range when the CEF ground
state of the Nd ion is the �6 doublet. Among the NdT2X20

family, NdCo2Zn20 with the smallest lattice parameter is a
promising candidate to exhibit the two-channel Kondo effect
since the strong c– f hybridization is expected by positive
chemical pressure effect [27]. NdCo2Zn20 shows the AFM
transition at TN = 0.53 K, above which ρ(T ) exhibits a down-
ward convex curvature up to 4 K. This anomalous ρ(T ) can be
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FIG. 1. Color-coded plots of the INS intensity of NdT2Zn20 for (a) T = Co, (b) Rh, and (c) Ir, and (d) nonmagnetic counterpart YCo2Zn20

as a function of energy and momentum transfers with Ei = 11.8 meV at T = 5 K. (e) The INS spectra of NdT2Zn20 for T = Co (red), Rh
(blue), and Ir (green) as a function of energy transfer obtained by integrating the INS intensity in the ranges of 0 < Q < 4 Å−1 with Ei =
11.8 meV at T = 5 K. (f) The magnetic contribution to the INS intensity of NdCo2Zn20 (red point) with Ei = 11.8 meV at T = 5 K, estimated
by subtracting the INS intensity of YCo2Zn20 (black line) from that of NdCo2Zn20 (red line). A factor α = 1.09 is the ratio of total-scattering
cross-section for NdCo2Zn20 and YCo2Zn20. (g) The INS spectra of YCo2Zn20 at 5 K as a function of energy transfer obtained by integrating
the INS intensity in the ranges of 0 < Q < 2 Å−1 and 3 < Q < 6 Å−1 measured with Ei = 30.0 meV.

fitted using a theory on the basis of the two-channel Anderson
lattice model [19]. In addition, the magnetic entropy Sm at TN

is only 50% of Rln2 expected for the �6 doublet. These results
corroborate the formation of the two-channel Kondo lattice.

However, the CEF level scheme of NdCo2Zn20 is still
controversial as described below. A Schottky anomaly of
Cm at around 13 K is fitted with a CEF level scheme of
�6(0) − �

(1)
8 (43 K) − �

(2)
8 (78 K), and χ (T ) and isothermal

magnetization M(B) data are reproduced as well. On the other
hand, the elastic constant C44 displays pronounced softening
on cooling from 40 to 4.2 K [29]. This softening can not
be explained by the isolated �6 doublet ground state with
no quadrupolar degrees of freedom. The softening would be
explained if the CEF ground state of the �8 quartet or the �6

doublet with a low-lying excited state, e.g., �6(0) − �8(11 K).
The aims of this study are to reveal whether the CEF

ground states of NdCo2Zn20 and the isovalent compounds
NdT2Zn20 (T = Rh: TN = 0.94 K, and Ir: 0.65 K [26,27]) are
the isolated �6 doublet and how the CEF excitations are asso-
ciated with the low-lying phonon contribution arising from the
caged structure. For this purpose, we have performed powder
inelastic neutron scattering (INS) measurements. In addition,
a nonmagnetic counterpart YCo2Zn20 was measured to extract
the phonon excitations.

II. EXPERIMENTAL PROCEDURE

Single crystals of NdCo2Zn20 were synthesized by the Zn
self-flux method, as described in previous reports [27,30].
Polycrystalline samples of NdT2Zn20 (T = Rh and Ir) and
YCo2Zn20 were prepared by the melt-growth method [26,27].

For the INS measurements, we used powdered samples of
3.4, 7.6, 8.5, and 4.8 g for T = Co, Rh, Ir, and YCo2Zn20,
respectively. The INS measurements were carried out with
the time-of-flight (TOF) spectrometer MARI installed at the
ISIS Facility, Rutherford Appleton Laboratory. The incident
neutron energies were selected as Ei = 6.2, 9.9, 11.8, 30.0,
and 100 meV. The powered samples packed in an aluminum
can were cooled down to 5 K with a top loading closed cycle
refrigerator. INS spectra with energy and momentum transfers
were obtained from TOF signals using the Mantid software
[31]. The spectral intensity was calibrated by using the cross-
section of a standard vanadium sample.

III. RESULTS AND DISCUSSION

Figures 1(a)–1(d) are color-coded plots of the INS intensity
of NdT2Zn20 for T = Co, Rh, and Ir and YCo2Zn20 at T =
5 K as functions of energy and momentum transfers with Ei

= 11.8 meV. There are two dispersionless excitations at 3.8
and 7.2 meV for T = Co, 3.1 and 5.8 meV for T = Rh, and 3.0
and 5.3 meV for T = Ir, respectively, whereas such excitations
are absent in YCo2Zn20. Therefore, the dispersionless exci-
tations of NdT2Zn20 are ascribed to transitions between the
CEF levels of the Nd3+ ions. No further magnetic excitation
was observed in the higher energy range of E � 10 meV by
the measurements with Ei = 30.0 and 100 meV. Thereby, the
overall energy scale of the CEF excitations in the Nd ions is
within 10 meV.

Figure 1(e) displays the INS spectra of NdT2Zn20 for
T = Co (red circles), Rh (blue triangles), and Ir (green
boxes) at 5 K obtained by integrating the INS data in the
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momentum transfer ranges of 0 < Q < 4 Å−1. The data in-
clude not only the magnetic excitations but also phonon
contributions, since high intensity excitations are seen in the
spectrum of the nonmagnetic YCo2Zn20 for Q > 2 Å−1. Note
that the intensity of T = Ir is smaller than that of T = Co
and Rh. It is ascribed to the larger neutron absorption cross-
section of the natural Ir element than that for Co and Rh. The
CEF excitation energies of 3.8 and 7.2 meV for T = Co are
higher than 3.1 and 5.8 meV for T = Rh and 3.0 and 5.3 meV
for T = Ir, respectively. This decreasing sequence in energy
going from T = Co to Ir is consistent with the weakening of
CEF upon increasing the lattice parameter a from 14.110 Å to
14.425 Å and 14.426 Å [26,27].

The background intensity in the spectra of T = Co is
apparently higher than that of T = Rh and Ir. Thus, the
magnetic contribution to the total intensity of NdCo2Zn20

was extracted by subtracting the INS intensity of YCo2Zn20

as the phonon contribution. In Fig. 1(f), the total intensity
of NdCo2Zn20 (red line) and YCo2Zn20 (black line) are dis-
played. Here, the intensity of YCo2Zn20 was multiplied by a
factor of α = 1.09 to fit the total-scattering cross-section to
that of NdCo2Zn20. Eventually, the magnetic contribution to
the intensity of NdCo2Zn20 is shown with the (red) circles.
The background level of NdCo2Zn20 is comparable to those
for T = Rh and Ir shown in Fig. 1(e). In fact, the phonon
contribution can be recognized from the color-coded plot of
the INS intensity for YCo2Zn20 in Fig. 1(d). Figure 1(g) shows
the INS intensity obtained by integrating the INS data for 3 <

Q < 6 Å−1 (closed circles) and 0 < Q < 2 Å−1 (open circles),
respectively. As indicated with the arrows, the phonon density
of states is recognized in the spectrum for 3 < Q < 6 Å−1,
whereas the intensity is suppressed in the spectrum for 0 <

Q < 2 Å−1.
The phonon contributions were detected as well at around

7.5 meV in the INS spectra of NdT2Zn20 for T = Rh and Ir
as shown with the (black) arrow in Fig. 1(e). The momentum
transfer dependence of the INS intensity is likely consistent
with the phonon dispersion relations of the isostructural com-
pounds PrT2Zn20 (T = Rh and Ir), yielding that the optical
phonon modes at 6-7 meV due to the vibrations of Zn atoms
[32]. On the other hand, for T = Co, near the CEF excitation
peak centered at 7.2 meV, a shoulder appears at 7.7 meV as
marked with the (red) arrow in Fig. 1(e). A possible origin
of the shoulder at 7.7 meV is discussed later. Concerning the
peak width of the excitations, the excitation peaks for T = Co
are broader than those for T = Rh and Ir. One explanation of
the broadening of the peaks is the enhanced c– f hybridization
effect [33]. The c– f hybridization effect for T = Co is prob-
ably the strongest among them since the lattice parameter is
the smallest. Another possibility is that the CEF excitations
are still dispersive due to short-range magnetic correlations
above TN. Otherwise, the broadening is ascribed to a possible
coupling between the CEF and optical phonon excitations
as discussed later. It is thus necessary to measure the CEF
excitations in single crystals.

Figures 2(a)–2(c) exhibit the INS spectra of NdT2Zn20 for
T = Co, Rh, and Ir at T = 5, 30, and 80 K. The data are
obtained by integrating the INS intensity in the ranges of
0 < Q < 2 Å−1 to ignore the phonon contributions. First, we

(3)
(1) (2)

(3)

(1) (2)

(3)

(1)
(2)

FIG. 2. INS spectra as a function of energy transfer of NdT2Zn20

for (a) T = Co, (b) Rh, and (c) Ir at T = 5, 30, and 80 K. The
data are obtained by integrating the INS intensity in the ranges of
0 < Q < 2 Å−1. The solid lines are the fits based on the cubic CEF
model as described in the text. The data at T = 30 and 80 K are
vertically shifted for clarify.

demonstrate the temperature dependent INS spectra for T =
Ir since the the excitation peaks are well separated at each
temperature as shown in Fig. 2(c). Two peaks at 3.0 and
5.3 meV observed at T = 5 K as labeled (1) and (2) are
attributed to the CEF excitations from the ground state to
the excited states. With increasing the temperature to 30 K,
the intensity of both the peaks decreases. This decrease in the
intensity is caused by the depopulation of the ground state on
warming. Instead, an additional peak appears at 2.3 meV at T
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= 30 K as labeled (3), and it develops at 80 K, yielding that
the first excited state is thermally populated.

Similar temperature dependences of the INS spectra were
observed for T = Co and Rh as shown in Figs. 2(a) and 2(b):
The two peaks at 3.8 (3.1) and at 7.2 (5.8) meV for T = Co
(Rh) due to the transitions from the ground state to the first
and the second excited states appear at 5 K and the additional
peak at 3.4 (2.6) meV arising from the transition between the
first and second excited states develops on warming for T �
30 K.

The temperature dependences of the INS spectra were
analyzed on the basis of the cubic CEF model. With the
cubic point group of the Nd site, the CEF split the tenfold-
degenerate multiplet of the J = 9/2 state into a �6 doublet
and two �8 quartets. Here, the transitions between the three
multiplets are permitted, whereas the transition matrix ele-
ments strongly depend on the CEF parameters [33,34]. The
CEF Hamiltonian for the cubic point group of Td is written in
terms of CEF parameters x and W , and the Stevens equality
operators Om

n as follows [35]:

HCEF = W

[
x

60

(
O0

4 + 5O4
4

) + 1 − |x|
2520

(
O0

6 − 21O4
6

)]
. (1)

First, the initial parameters were set to take into account
the ratio of excitation energies at 5 K, and the CEF ground
state was selected to be either the �6 doublet or the �8

quartet.
Within the dipole approximation, the magnetic cross-

section is represented as [36]

d2σ

d�dE f
= (γ r0)2 k f

ki

{
1

2
gJ f (Q)

}2

×
∑
α, β

(δα, β − Q̂αQ̂β )Sα β (Q, ε),

where

Sα β (Q, ε) =
∑
λ, λ′

pλ| 〈λ| Jα (Q) |λ′〉 〈λ′| Jβ (Q) |λ〉 |

× δ(ε − Eλ′ + Eλ). (2)

Here, Q and ε are momentum and energy transfer. γ = 1.913,
r0 = 2.818 × 10−15 m, and gJ are the neutron gyromagnetic
ratio, the classical electron radius, and Landé g factor. The
magnetic form factor of a single Nd3+ ion is given by f (Q).
ki and k f are initial and final neutron wave vectors. An
eigenfunction |λ〉 has the energy of Eλ, and Jα and Jβ (α,
β = x, y, z) are the components of the total angular mo-
ment. pλ is the probability that the neutron is initially in the
state λ.

In the analysis, a least squared fitting was performed
by applying the Lorentzian lineshape to the inelastic peaks
and a pseudo-Voigt lineshape to the elastic peak at E = 0,
respectively.

FIG. 3. CEF level schemes of Nd3+ ions in NdT2Zn20 for T =
Co, Rh, and Ir, and the optical phonon density of states at around
87 K. The values in parentheses are in units of meV.

The fits are shown with the solid lines in Fig. 2 and
the proposed CEF levels of the Nd3+ ions for T = Co,
Rh, and Ir are illustrated in Fig. 3. The CEF level schemes
are as follows: �6(0 K) − �

(1)
8 (44 K) − �

(2)
8 (84 K) for T =

Co, �6(0 K) − �
(1)
8 (36 K) − �

(2)
8 (67 K) for T = Rh, and

�6(0 K) − �
(1)
8 (35 K) − �

(2)
8 (62 K) for T = Ir. These level

schemes are in good agreement with those proposed from
the analyses of the specific heat data [26,27]. Therefore, we
conclude that the CEF ground states of the Nd3+ ions in
the three compounds are the �6 doublets isolated from the
first excited �

(1)
8 quartets by 35–44 K. Therefore, the three

compounds are the ideal platform to verify the two-channel
Kondo effect.

Next, we discuss the possible coupling between the CEF
and low-lying phonon excitations in NdCo2Zn20. In general,
because of the weak coupling between the CEF and phonon
excitations, the dispersionless CEF and dispersive phonon
excitations could be independently measured. However, it was
suggested that a CEF-phonon bound state is realized in some
rare-earth based compounds such as CeAl2 [37,38], YbPO4

[39], RCu2 (R = Ce and Nd) [40–42], CeTAl3 (T = Cu and
Au) [43,44], and CeCuGa3 [45]. In the case of CeAl2, a strong
magnetoelastic coupling of the transverse strain components
to the CEF states of Ce3+ gives rise to a pronounced softening
of the C44 elastic constant [46].

Coming back to the INS spectrum in NdCo2Zn20, the
shoulder at 7.7 meV may probably be attributed to the bound
state of the CEF excitation and the optical phonon modes
for the following reasons: (1) The shoulder was observed in
the INS spectra for 0 < Q < 2 Å−1. (2) The intensity at the
shoulder is temperature dependent as shown in the inset of
Fig. 2(a). (3) The intensity is much higher than that of the
phonon excitations at 7.5 meV for T = Rh and Ir. (4) The
CEF excitation energy of 7.2 meV (84 K) is close to 7.5 meV
(87 K) of the optical phonon branches. Thereby, the coupling
of the CEF and the optical phonon modes may give rise to the
broadening of the CEF excitation peaks. Here, it is noted that
the Q dependence of the INS intensity in NdCo2Zn20 cannot
be explained by considering the form factor of a Nd3+ ion and
the INS intensity of YCo2Zn20 as the phonon contribution.
This discrepancy may be ascribed to not only difference of
the lattice parameters but also the CEF-phonon coupling. In
addition, as described in the introduction, the C44 elastic con-
stant exhibits the pronounced softening on cooling from 40
to 4.2 K. Since the contribution of the quadrupolar degrees
of freedom in the low-lying CEF levels is ruled out, the
magnetoelastic coupling may give rise to the elastic softening
[29]. To unveil the magnetoelastic coupling, it is necessary to
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measure the phonon dispersion relations by means of Raman
spectroscopy, inelastic x-ray or neutron scattering.

IV. SUMMARY

The CEF level schemes of the Nd3+ ions in the caged
compounds NdT2Zn20 (T = Co, Rh, and Ir) have been in-
vestigated by means of the TOF inelastic neutron scattering
experiments. By analyzing the temperature dependences of
the INS spectra from 5 to 80 K, we determined the CEF
level schemes to be composed of the �6 doublet ground states
and two �8 excited states. Thereby, the three compounds
are good candidates to verify the two-channel Kondo effect.
For T = Co, a shoulder was observed at 7.7 meV near the
CEF excitation peak centered at 7.2 meV. We ascribe this
shoulder to a bound state due to the strong CEF-phonon
coupling.

The data are available in [47].
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