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Local-symmetry-sensitive elastic softening in the Kramers doublet system Y;_,Nd, Co,Zny,
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We investigated the elastic properties of Y;_,Nd,Co,Znyy with localized Nd f electrons and ground-state
Kramers doublet. All longitudinal and transverse moduli of NdCo,Zn;,, (x = 1) show an elastic softening below
50 K accompanied by a minimum around 2.5 K. The softening, which is robust to magnetic fields up to 8 T,
is not observed for samples with Nd concentrations of x = 0.19, 0.05, and 0. In localized f electron systems,
elastic softening from high temperatures is often understood by crystal electric field effects; however, this cannot
explain the behavior in NdCo,Zn,,. Our experimental and calculated results reveal that the softening neither is
caused by a phonon contribution, a Nd** single-site effect, nor a magnetic interaction. We conclude that the
softening is due to a local-symmetry-sensitive electronic state in NdCo,Znyg.

DOLI: 10.1103/PhysRevB.108.205127

I. INTRODUCTION

In the past decade, the Pr-based compounds Pr7;Znjg
(T stands for a transition metal) with cubic CeCr;Aly-type
structure (space group Fd3m) have attracted much attention
due to their fascinating physical properties, such as mul-
tipolar ordering, superconductivity, and two-channel Kondo
effect [1-15]. Recently, the isostructural Nd7,Zny, series
has been studied as well in terms of magnetic ordering,
two-channel Kondo effect, and other fascinating properties
[16-21].

In this paper, we report on the elastic properties of
Nd-based NdCo,Zny investigated by means of ultrasonic
measurements. The cubic lattice parameter of a = 14.11 A is
the smallest among the Nd7,Znyq series [18]. The electrical
resistivity shows metallic behavior. NdCo,Zn;( undergoes an
antiferromagnetic ordering at 7y = 0.53 K, indicated by a
cusp-type anomaly of the magnetic susceptibility in a mag-
netic field of 0.1 T applied along [100]. Magnetic entropy of
0.5 x RIn2 is released at Ty and it reaches RIn2 at around
4 K, where R is the gas constant.

The magnetic susceptibility follows a Curie-Weiss law
from 10 to 300 K. The effective magnetic moment was
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determined to be 3.90ug, which is close to the value of
3.62up for the free Nd3*+. NdCo,Zny possesses localized f
electrons down to low temperatures. The Nd** tenfold multi-
plet with the total angular momentum J = 9/2 splits into one
Kramers I'¢ doublet and two I's quartets by the cubic crystal
electric field (CEF), where T'; is the irreducible representation.
Inelastic neutron scattering experiment revealed that the CEF-
level scheme consists of a ground-state I'¢ Kramers doublet, a
first excited I'g quartet at 44 K, and a second excited I'g quartet
at 84 K [21]. A Schottky contribution to the specific heat,
centered around 13 K, was reproduced by a similar CEF-level
scheme [18].

In our previous ultrasonic measurements on NdCo,Znjy,
we detected an elastic softening of the transverse modulus,
Cy4, below 40 K that continues down to 4.2 K [22]. In lo-
calized f electron systems such a characteristic softening of
the transverse modulus is a result of a quadrupole-mediated
interaction in the CEF [23-32]. The ground-state I'¢ Kramers
doublet has no quadrupole degeneracy. The softening of Cya,
therefore, may arise from an interlevel quadrupole-mediated
interaction between the ground-state doublet and the excited
quartets. However, since the first excited quartet exists at 44 K,
no elastic softening is expected at low temperatures within the
CEF model [22].

In the present study, aiming at understanding the origin of
the softening in NdCo,Zn;y, we measured the longitudinal
and transverse elastic moduli using the ultrasonic technique
at zero and in applied magnetic fields. In addition, we mea-
sured the elastic moduli of the Nd-deficient Y|_,Nd,Co,Zn»,
where YCo0,Zny (x = 0) is a nonmagnetic counterpart with-
out f electrons and any phase transition.

©2023 American Physical Society
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TABLE 1. p (g/cm®) and v (m/s) at 150 K for each mea-
sured mode in Y;_,Nd,Co,Zn,,. Measurement errors for v are less
than 1%.

x P v [Ci1] v [Cu4] v [(C1y — C12)/2]
1 7.424 4279 2695 2536
0.19 7.308 4413 2756 2657
0.05 7.288 4380 2782 2672
0 7.279 4443 2791 2670

II. EXPERIMENTAL DETAILS

Single crystals of Y;_,Nd,Co,Zn;, were grown by a Zn
self-flux method [18]. The composition ratios of the measured
samples are x =1, 0.19, 0.05, and 0. Nd concentration x
was determined by the results of electron probe microanal-
ysis. The elastic moduli Cj;, Cy4, and (Cy; — Ci2)/2 were
measured as a function of temperature from 0.3 to 150 K
using a phase-comparison pulse-echo method and orthogonal
phase-detection technique [33,34]. The modulus Cy; is related
to the longitudinal acoustic mode with k || u || [001], where
k and u are the propagation and displacement directions of
the ultrasound, respectively. The transverse moduli C44 and
(C11 — C12)/2 were measured using (k || [001], z || [110]) and
(k || [110], u || [110]) configurations, respectively. The elastic
modulus, C, was calculated from the equation C = pv?, with
the room-temperature mass density p and the measured sound
velocity v. The absolute value of the sound velocity was
determined at 150 K for each mode using the sample lengths
and the time interval between pulse echoes. p and v for each
x are listed in Table I.

We used LiNbOj transducers with a fundamental reso-
nance frequency of about 30 MHz. A pair of transducers
were glued on the sample surfaces with room-temperature
vulcanizing silicone. The magnetic field was applied along
[001] using a superconducting magnet.

III. RESULTS AND DISCUSSION
A. Elastic modulus of NdCo,Zn,, (x = 1)

Figure 1 shows the temperature dependence of the longitu-
dinal elastic modulus Cj; and the transverse moduli C44 and
(C11 — C12)/2 in NdCoyZnyg. Below 150 K, all moduli first
increase monotonically as the temperature decreases. Then,
we observe an elastic softening below 45 K in Cj1, below 30 K
in Cy4, and below 50 K in (C; — Cy2)/2. In the insets of Fig. 1,
all moduli show an obvious minimum around 2.5 K, which is
not related to a phase transition. The minimum as well is not
a precursor of the antiferromagnetic ordering because its tem-
perature is substantially higher than 7Ty. The magnitude of the
softening is 1.5, 1.4, and 3.6% in C};, Cu4, and (C;; — C12)/2,
respectively. Although the softening of (C;; — C,)/2 is the
largest, other moduli show a considerable softening, suggest-
ing weak anisotropy for symmetry of the strains: &, &y,,
and &, — &y, which are corresponding to the Cy;, Cu4, and
(C11 — C12)/2 modes, respectively. At Ty, all moduli exhibit a
steplike softening, reflecting the antiferromagnetic ordering.

We checked whether these softenings are explicable by
the known CEF energy-level scheme. For the CEF fits, we
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FIG. 1. Temperature dependence of the longitudinal elastic mod-
ulus Cy; (upper panel) as well as the transverse moduli Cy4 (middle
panel) and (Cy; — Cy,)/2 (lower panel) of NdCo,Znyy (x = 1). The
insets display the same data on an expanded temperature scale below
5 K. The red solid and blue dashed lines represent the fit result
and the background stiffness, respectively, calculated using the CEF
model as discussed in the text. (Notice: from our careful new ultra-
sonic measurements, we corrected the absolute value of the sound
velocity in Cy4 from the data previously reported [22].)

considered the effective Hamiltonian Heg:
Heie = Hepr — 8i0:€i — £:(0:) 0,
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H, =
CEF W[ 1260

where ¢;, g;, &, W, and Ol are the strain, the strain-
quadrupole coupling constant, the quadrupole-quadrupole
coupling constant, a scale factor of the CEF energy level, and
the Stevens equivalent operators, respectively [35,36]. (O;)
represents the thermal average of the quadrupole operator,
0. C44 and (Cy; — Cy2)/2 are the linear responses to the ¢,
(&zx» Exy) and &y — &y [(26,; — 4 — £yy)/ \/5] strains, which
couple to the electric quadrupoles Oy, (O, Oy,) and O%
(09), respectively, in the cubic symmetry. The temperature
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TABLE II. Fit parameters of the elastic moduli: |g;| (K), g; (K),
Cok (GPa), s (GPa), and ¢ (K) used in the CEF model.

gl g Cok N t

Cu 19.9 1.03 55.6 3.02 160
(Ciy —C)/2 62.4 0.47 48.7 3.34 230

dependence of the elastic modulus, C(T'), is calculated using
the following equation:

1 —gixs(T)
s
exp(t/T)—1’

where Ny (= 2.848 x 10%7 m~?) is the number of Nd ions
per unit volume at room temperature. x, is the quadrupolar
(strain) susceptibility for the electric quadrupole moment,
as the magnetic susceptibility is the susceptibility for the
magnetic dipole moment [37,38]. We adopted the Varshni
equation for the background stiffness, Co(T ), with the elastic
modulus at 0 K, Cyk, and fit parameters, s and ¢ [39].

The red solid lines in Fig. 1 are the fit results using
y = —0.249 and W = 0.888 K obtained by inelastic neutron
scattering [21]. Other fit parameters are listed in Table II.
The experimental data of Cy4 and (Cy; — Ci;)/2 are well de-
scribed down to about 15 and 10 K, respectively. However,
below these temperatures strong deviations between fit and
experiment appear since the interlevel quadrupole-mediated
interactions between the ground-state doublet and the first
excited quartet at 44 K die out in the low-temperature range.
If, hypothetically, the energy splitting between the ground-
state doublet and the first excited quartet would be smaller
than 10 K or if the ground state would be a I's quartet,
these softenings would be explicable. In these cases, however,
the CEF states are inconsistent with the mentioned results
obtained from specific-heat and inelastic neutron scattering
experiments [18,21]. Consequently, we conclude that the sim-
ple CEF model cannot explain the strong softening appearing
down to 2.5 K in NdCo,Zny.

C(T) = co[l — (Nogi/Co +g/i)Xs(T)j|7

Co(T) = Cox —

B. Elastic modulus of NdCo,Zn;, (x = 1) under magnetic fields

For further investigating these softenings, we measured
all moduli of NdCo,Znyy in magnetic fields of 4 and 8 T
applied along [001] (Fig. 2). The softening of the moduli is
magnetically robust, hardly changing in magnetic fields. The
temperature of the minimum increases only marginally with
field in all moduli.

We calculated the transverse moduli for magnetic fields
along [001] using the CEF model with the parameters
from Sec. III A. The obtained softening is enhanced as the
field increases for calculated Cy4 in contrast to calculated
(C11 — C12)/2, of which the softening is reduced in magnetic
field (not shown), being still largely different from the experi-
mental data.

The authors of Ref. [21] suggested a CEF-phonon bound
state and magnetoelastic coupling. In this case, however, con-
siderable magnetic-field and ultrasonic-mode dependences of
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FIG. 2. Temperature dependence of the longitudinal elastic mod-
ulus Cy; (upper panel) as well as the transverse moduli Cyy (middle
panel) and (Cy; — Cy2)/2 (lower panel) in magnetic fields of 4 and 8§ T
applied along [001] in NdCo0,Zny (x = 1). We plotted the moduli as
relative change AC/C. The datain H =4 and 8 T are vertically offset
for clarity. The insets represent the data on an expanded temperature
scale below 5 K. The right inset in the lower panel shows the bulk
modulus Cg determined for zero magnetic field.

the softening are expected, such as observed in CeAl, [40].
This contradicts the field- and mode-independent softening
observed here.

As another cause for the unusual lattice softening, we
examined the possible formation of a heavy-fermion state
(a many body effect). This was motivated by the discus-
sion of a possible two-channel Kondo effect in NdCo,Znyg
[21]. In a heavy-fermion state, an elastic softening of
the bulk modulus, Cg = (Ci; +2Cy»)/3, which couples
to the total-symmetric bulk strain, may occur due to a
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deformation-potential coupling. Thereby, the longitudinal
modulus, related to the volume-change strain, may exhibit
a softening as observed, for instance, in the heavy-fermion
compound CeCug [41]. However, there is no indication that
NdCo,Zn; displays a heavy-fermion state. Cg estimated by
using the data of C; and (Cy; — C}2)/2 shows a very slight
softening below 30 K (the right inset in the lower panel in
Fig. 2). However, this softening is less than 0.1%, which is
considerably smaller than the softening of the other moduli.
The transverse moduli exhibit a softening down to the same
temperature as the minimum of Cy;. In addition, the softening
in the elastic moduli remains robust even in the presence
of magnetic fields, whereas, generally, the Kondo effect is
expected to collapse in a magnetic field. Hence the softening
observed in NdCo,Zn, cannot be attributed to the formation
of a heavy-fermion state.

C. Elastic modulus of Nd-deficient Y;_,Nd,Co,Zn,,

To investigate whether the softening arises from the 4 f
electrons of Nd*t or from a phonon contribution, we con-
ducted ultrasonic measurements of Y;_,Nd,Co,Zn,y with
small Nd concentrations of x = 0.19, 0.05, and 0. The tem-
perature dependences of the elastic moduli Cj;, Cy4, and
(C11 — Ci12)/2 are shown in Fig. 3. Contrary to the softening
observed in NdCo,Zny, the Nd-deficient samples show no
obvious elastic softening down to 1.8 K for Cj; and Cy4 and
down to 0.3 K for (C;; — Cy»)/2. This absence of elastic
softening in YCo0,Zny (x = 0) evidences that the softening
is not ascribed to the phonon contribution and that the 4f
electrons of Nd** play a crucial role.

If the elastic softening would originate from a Nd>* single-
site effect, such as a CEF effect, one would expect that this
softening occurs even in the x = 0.19 and 0.05 samples. The
magnitude of the softening would then scale with the Nd
concentration x. However, the Nd-deficient samples exhibit
no softening down to 0.3 K at all. Therefore, the softening
is not caused by a Nd** single-site effect. Consequently, the
presence of the Nd network in the diamond sublattice must
lead to the emergence of degrees of freedom that causes the
softening.

Further, in preliminary ultrasonic measurements of the
isomorphic compound NdRh,Zn,(, we found no evident soft-
ening in any of the elastic moduli down to 4.2 K (not
shown). NdRh,Zn;y undergoes a first-order structural transi-
tion around 240 K [18], indicating that the symmetry of the
crystal structure is lowered, which seems to quench the de-
grees of freedom that cause the softening. To put it in another
way, the high symmetry of the cubic structure is necessary for
the softening in NdCo,Zny.

The above considerations evidence that the localized 4f
electrons of Nd** in the high symmetric cubic structure are
crucial. Here, it is noted that the CEF excitation peak observed
at 3.8 meV by means of inelastic neutron scattering is broader
than those observed in NdRh,Zn,o and NdIr,Zn,o [21]. The
broadening of the CEF excitation peak may be attributed
to fluctuations that result from many-body correlations. We
discuss a possible many-body electronic state, which is signif-
icantly affected by the substituted nonmagnetic yttrium ions,
in the next subsection.

Y, Nd,Co,Zn,, A
C;; mode

AC/ C

(Cll-clz)/ mode |

1% t

0 20 40 60 80 100 120 140
T(K)

FIG. 3. Temperature dependence of the longitudinal elastic mod-
ulus Cy; (upper panel) as well as the transverse moduli Cy4 (middle
panel) and (Cy; — Cy2)/2 (lower panel) for Y;_,Nd,Co,Zny (x = 1,
0.19, 0.05, and 0). The data are shifted along the vertical axis for
clarity.

D. Many-body electronic state

NdCo,Zn;y shows a magnetically robust lattice softening
from high temperatures with a sharp minimum without any
phase transition. This elastic behavior is similar to that aris-
ing from two splitted energy states. The elastic modulus in
such a case was discussed for two-dimensional dimer systems
such as SrCu,(BOs),, spinel systems, and caged compounds
[42-49]. We can describe the elastic moduli qualitatively us-
ing two energy states using a small level spacing of ~3.5 K
(not shown). This level spacing is much smaller than the CEF
energy splitting determined by inelastic neutron scattering
[21]. To date, no other experiment evidences an anomaly at
this low energy scale [18].

Despite this, we explore the potential of this scenario.
The ground-state I'¢ doublet, isolated from the first excited
I's quartet at 44 K, has only spin degrees of freedom at
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sufficiently low temperatures. However, there are no reports
on the formation of a spin multimer or a low-dimensional
magnetic state in NdCo,Zn;g, in contrast to the mentioned
cases of SrCu,(BO3); and spinel compounds [18,42—47,50].
In fact, the magnetic susceptibility shows no anomaly above
Ty in NdCoyZnyg. These results and the magnetically robust
elastic softening suggest that the many-body electronic state
cannot be caused by magnetic interactions.

For caged compounds, a large-amplitude atomic motion
of a guest atom, called rattling motion, was reported in the
isomorphic compounds La7>Znyg [1,51-53]. The Zn ion at
the 16c¢ site sits in a polyhedral cage consisting of two rare-
earth ions and twelve Zn ions at the 96g site. It was reported
that the Zn ion at the 16¢ site oscillates perpendicular to the
La-Zn(16c)-La connection line [53]. The isomorphic com-
pounds Pr7,Zn;q exhibit an ultrasonic dispersion, seen in the
ultrasonic frequency dependence of an elastic modulus and
ultrasonic attenuation. Ultrasonic dispersion is a characteristic
behavior of the rattling motion [6,10,26,54]. In NdCo,Zn;,
however, no rattling motion was reported. Furthermore, in our
experimental results, ultrasonic dispersion is not detected and
the reference compound YCo,Znyy (x = 0) shows no elastic
softening (Fig. 3).

From another perspective, a Nd** is placed in a Frank-
Kasper cage consisting of sixteen Zn ions [3]. If these ions
form a cluster, there exists the possibility that a molecularlike
many-body electronic state is formed by mixing the J multi-
plet of Nd** with the ligand p electrons of the Zn ions. The
many-body electronic state may possess fluctuations. In such
a case, a broadening of the CEF excitation peaks observed
in inelastic neutron scattering is expected. The fluctuations
may couple to phonons giving rise to elastic softening due
to a lattice instability. Because the high symmetry of the
cubic structure is crucial for the softening in NdCo,Zny, as
discussed in Sec. III C, the many-body electronic state could
be easily disturbed by substituting Y3+ for Nd**. Thereby,
the elastic softening by the lattice instability vanishes due
to the symmetry lowering, which may break the many-
body electronic state in the Nd-deficient Y;_,Nd,Co,Zny

(x =0.19, 0.05, and 0) samples. Indeed, classification of a
cluster multipole consisting of several atoms/ions has recently
been established [55-57]. As a result, the elastic softening in
NdCo,Zn;y might be related to a cluster multipole.

Consequently, in NdCo,Zn;( we have discovered an elastic
softening robust in magnetic field. The softening is not caused
by a phonon contribution, nor by a Nd** single-site effect, nor
by magnetic interactions. We propose a many-body electronic
state between the J multiplet of Nd>* and the ligand electrons
as a reason for the softening. However, there are still open
questions regarding the driving force behind the many-body
electronic state. To answer these questions, further theoretical
studies and microscopic experiments are necessary.

IV. CONCLUSION

We performed ultrasonic measurements on
Y _xNd,Co,Zny for x = 1, 0.19, 0.05, and 0. In NdCo,Zn5,
(x = 1), we observed an elastic softening accompanied by a
minimum around 2.5 K in all moduli. We revealed that the
softening is insensitive to magnetic field. A simple CEF model
cannot explain the lattice softening. We found no softening
in the samples with x = 0.19, 0.05, and 0, suggesting no
contribution of phonon and single-site effects of Nd*. We
suggest a possible formation of a many-body electronic state
through the correlation between the J multiplet of Nd** and
ligand electrons.
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