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Abstract

We report the electrical resistivity, specific heat, and magnetization measurements of

Y _Nd,CoyZny, for 0.017 < x < 0.95. The Schottky-type specific heat peak at around 13
K for all the samples is reproduced by the crystalline electric field model with the I's dou-
blet ground state of a Nd>* ion. The magnetization and magnetic susceptibility data of the
samples for x < 0.06 are well reproduced by the calculation without intersite magnetic inter-
actions among Nd moments. Therefore, the dilute Nd system Y;_,Nd,Co,Zn; for x < 0.06
is a good candidate to study on-site interaction of the I'c doublet ground state of 4 electrons
with conduction electrons.

1 Introduction

The caged compounds R7r, Xg (R: rare-earth, 7r: transition metal, X = Al, Zn, and Cd) crystallize
in the cubic CeCr,Alyg-type structure with the space group of Fd3m (No. 227, OZ) [1]. The R**
ions at the 8a site with the cubic point group 7, are encapsulated in the Frank-Kasper cages formed
by sixteen X atoms. This feature weakens the crystalline electric field (CEF) effect and enhances
hybridization of 4 f electrons with conduction electrons (c—f hybridization).

In a Pr-based compound Prlr,Zny, this characteristic gives rise to non-Fermi liquid (NFL)
behavior related to the quadrupolar degrees of freedom in the I's ground state of Pr’* ion under the
cubic CEF [2]. In fact, the temperature dependences of the electrical resistivity p and the magnetic
specific heat C, agree with those calculated based on the two-channel Anderson lattice model.
Therefore, formation of a quadrupolar Kondo lattice was proposed [3]. In recent years, a Pr-diluted
system Y (_,Pr,IrpZn;g has been systematically studied to investigate the single-site quadrupole
Kondo effect [4-6]. In addition to the NFL behaviors of p(T") and C,(T), the elastic constant
(C11—C12)/2 shows a logarithmic temperature dependence below 0.3 K, providing another support
for the single-site quadrupolar Kondo effect. On the other hand, the quadrupolar Kondo effect
predicted the residual entropy of 0.5RIn2 at 7 = 0, which has not been observed yet.

The Nd-based family Nd7r,Zny¢ (7r = Co, Ru, Rh, Os, and Ir) and NdTr,Alyy (Tr = Ti, V,
and Cr) with mostly the I's doublet ground state of the 4 f> configuration provide a new platform
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to investigate the magnetic two-channel Kondo effect. A theoretical calculation using a numerical
renormalization group method with a seven-orbital impurity Anderson model showed that the
residual entropy of 0.5RIn2, which is the characteristic of the two-channel Kondo effect, manifests
itself in a wide range of parameters for the local I'¢ doublet ground state [7]. Here, it is noted
that relatively large c—f hybridization is needed to exhibit the two-channel Kondo effect in the
413 systems. Among Nd77,X», the c—f hybridization in NdCo,Zny is expected to be larger than
the other Nd7r X>9 compounds, because the lattice parameter is the smallest and the magnetic
transition temperature 7 = 0.53 K is the lowest [8-13]. In fact, the p(T") data of NdCoyZnyg
decrease with a downward convex curvature on cooling from 4 K to T, which is expressed by the
theoretical form derived from the two-channel Anderson lattice model [8]. However, it is not clear
whether this temperature variation of p(T') is ascribed to the two-channel Kondo effect or intersite
magnetic interaction between Nd moments.

In this paper, we focus on Y;_,Nd,Co,Znyy for 0.017 < x < 0.95 to study how the inter-
site magnetic interaction is modified by the Nd substitutions. In intermetallic compounds, the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is mediated by the spin polarization of con-
duction electrons, which sign oscillates with respect to the distance. The oscillating and long-
ranged nature is well manifested in La;_,Nd, [14]. An antiferromagnetic order in x = 1 changes
to a ferromagnetic one for x = 0.6 and it persists down the to x = 0.2. These results indicate that
the intersite magnetic interaction in the Nd rich region depends on band structure. In analogy, to
examine the on-site interaction of the 4 f 3 state with conduction electrons in Y;_,Nd,CosZnsg, the
dilute range x < 0.2 should be studied carefully. We synthesized the single-crystalline samples of
Y_,Nd,Co,Zn;q and measured the electrical resistivity, specific heat, isothermal magnetization,
and magnetic susceptibility for 7 > 1.8 K.

2 Experimental Procedure

Single-crystalline samples of Y;_,Nd,Co,Znyy for 0.017 < x < 0.95 were synthesized by the
Zn self-flux method as described in the previous report [15]. We used high purity elements of
Y (99.9%), Nd (99.99%), Co (99.9%), and Zn (99.9999%). The samples were characterized
by powder x-ray diffraction (XRD) measurements. The Rietveld analysis of the XRD patterns
using RIETAN-FP [16] confirmed the CeCryAlyg-type structure for all the samples. The lattice
parameter determined by the Rietveld analysis increases linearly with respect to x. The atomic
compositions were obtained by the wavelength-dispersive electron-probe microanalysis (EPMA).
For the Nd diluted samples of x < 0.05, it was difficult to determine the compositions of the
bulk samples since the EPMA probes only the surface and the resolution is not high for detecting
the small ratio below 0.05. To estimate the Nd compositions more accurately, we measured the
magnetization curves at 7 = 1.8 K to compare with that calculated by using the CEF level schemes
determined by inelastic neutron scattering (INS) measurements of NdCo,Znyq [17].

The electrical resistance was measured by a standard four-probe AC method with a laboratory-
built system using a Gifford-McMahon-type refrigerator in the temperature range of 3-300 K.
Heat capacity measurements were performed by the thermal relaxation method between 4 and
300 K using a physical property measurement system (PPMS, Quantum Design). Magnetization
measurements were carried out with a commercial superconducting quantum interference device
magnetometer (MPMS, Quantum Design) from 1.8 to 300 K in magnetic fieldsupto 5 T.
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Figure 1: (a) Normalized electrical resistivity p(7)/p(300 K) versus temperature 7' of
Y -xNd;CoyZnyg for 0 < x < 1. The p(T) data for x = 1 are from [8]. The inset shows
the residual resistivity ratio as RRR = p(300K)/p(3 K). (b) Specific heat C versus T
of Y_,Nd,CoyZnyg for 0.017 < x < 0.81. The dashed line is the Dulong-Petit value
of 573.7 J/K mol~!. The inset shows the magnetic specific heat divided by temperature
Cn/T for x =0.043, 0.060, 0.66, and 0.81. The solid line represents the CEF calculation.

3 Results and Discussion

Figure 1(a) shows the temperature dependences of the normalized electrical resistivity
p(T)/p(300K) of Y- Nd,CoyZnyg including end compositions x = 0 and 1 [8]. The electric
current was applied along the [100] direction for the single-crystalline samples. The data decrease
with downward curvature, and asymptotically approach constant values below 10 K. As shown
in the inset of Fig. 1, the residual resistivity ratio defined as RRR = p(300K)/p(3 K) largely
decreases from 81.4 for x = 0 to 13.4 for x = 0.017.

The specific heat C versus temperature is displayed in Fig. 1(b). The C(T') data certainly reach
the Dulong-Petit value of 573.7 J/K mol at 300 K as expected for a compound with 23 atoms in
the formula unit. The magnetic specific heat divided by temperature as a function of temperature,
Cw(T)/T vs T, is shown in the inset of Fig. 1(b). We obtained the magnetic contribution Cy,(T)
by subtracting the C(T") data of a nonmagnetic counterpart YCo,Znyg as the lattice contribution
from the measured specific heat. The Cy,(7)/T data show maxima at around 13 K, representing
the Schottky specific heat due to the thermal excitations from the CEF ground state to the excited
CEF levels. The CEF Hamiltonian Hcgr for the Nd** ion under the cubic CEF is described as [18]

1 -1X]
2520

X
Hegp = W @(02 +50%) + (02 -2109)|. (1)

The solid line is the CEF calculation by using the CEF level scheme of I'¢(0 K)—Fg)(44 K)-

Féz) (84 K) for NdCo,Zny( determined by the INS measurements [17]. Here, we adopted the CEF
parameters of W = 0.89 K and X = -0.25. The maxima in C\,(T)/T stays at around 13 K
as calculated by the CEF model. This fact indicates that the CEF level scheme hardly changes
among Y |-,Nd,CoyZny.

Figure 2(a) shows the 4 f contribution of the magnetic susceptibility yng measured in B = 0.1
T applied along the [100] direction. The data for x < 0.06 was measured in B = 0.5 T. The yng
data are deduced by subtracting the y(7) data of YCo,Zn;g from the measured magnetic suscep-
tibility. It is noted that the band structure calculation of YCo0,Zny suggests an intermetallic state
with negligible electron-electron correlation, leading to a non-magnetic ground state [19,20] The
xnd data follow the Curie—Weiss law above 50 K. The effective magnetic moments are estimated
to be 3.7-4.2 ug/Nd, which are slightly higher than 3.62 ug of a free Nd** ion. The paramagnetic
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Figure 2: (a) 4f contribution of the magnetic susceptibility yng versus temperature T
of Y|_,Nd,CoyZnyq for 0.017 < x < 0.95 on a logarithmic scale. The solid line shows
the M(B) data calculated with the CEF parameters W = 0.89 K and X = —-0.25. (b)
Isothermal magnetization M(B) at T = 1.8 K, where the data for x = 1 are taken from
[17]. The data are normalized by the Nd composition x. The solid line was calculated
using the CEF parameters. The inset shows the intersite magnetic interaction parameter
K estimated by the M(B) data.

Curie temperatures 6, are negative, indicating that the antiferro-type magnetic interaction is pre-
dominant. Below 10 K, the yng data depends on x. The yng data for x > 0.19 are larger than the
solid line that was calculated by the CEF model without a molecular-field parameter. On the other
hand, as x is reduced from x = 0.19, the yng data for 7 < 10 K approach the solid line. Con-
sidering that the I'¢ doublet ground states is mostly populated below 10 K, the intersite magnetic
interaction among the CEF ground states is ferro-type but negligible for x < 0.06.

The strength of intersite magnetic interaction was estimated from mean-field analysis of the
isothermal magnetization data M(B) || [100] at 1.8 K as displayed in Fig. 2(b). The curvatures of
M(B) are gradually suppressed as decreasing x. To evaluate the intersite magnetic interaction, we
use a mean-field Hamiltonian expressed as

H = HceF + giusJB — KU, )

where g; = 8/11 is the Landé g-factor for a Nd** ion, J the total angular momentum, and K the
strength of the intersite magnetic interaction between the Nd moments. The solid line represents
the CEF calculation with no magnetic interaction as described below.

_ 8JHB 2 —EifkaT
M==72 Zwme BT, 3)

Z is the partition function. The calculation with K = O reproduces the data for x < 0.06. The
intersite magnetic interaction K versus x is plotted in the inset of Fig. 2(b). The values of K for
x < 0.06 were estimated to be zero within the error of the present analysis. Ferro-type intersite
magnetic interaction deduced from the M(B) data is consistent with the value of 6, evaluated from
the x(T) data below 10 K. These facts suggest that the single-site state of the I'¢ doublet with
no intersite magnetic interaction is realized in Y;_,Nd;CoyZnjg for x < 0.06. Therefore, this
dilute Nd system could provide a good platform to investigate the single-site hybridization effect
of the 4f electrons with the conduction electrons. The low-temperature transport and magnetic

properties below 1.8 K will be reported in a forthcoming paper.
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4 Conclusion

We have measured p(T"), C(T), x(T), and M(B) of Y|-,Nd,CorZnyg for 0.017 < x < 0.95. The
Schottky anomalies of C(T") at around 13 K are moderately reproduced with the CEF level scheme
determined for NdCo,Zny. The intersite magnetic interaction parameter K is estimated from the
x(T) and M(B) data. The positive values of K for x > 0.18 decrease to almost zero for x < 0.06.
The diluted Nd system Y;_,Nd,CoyZnyg for x < 0.06 becomes a good candidate to study the

on-site interaction of I'¢ doublet ground state of the 4 f electrons with conduction electrons.

Acknowledgements

The authors thank Y. Shibata for the electron-probe microanalysis carried out at N-BARD, Hi-
roshima University. The measurements with MPMS and PPMS were performed at N-BARD,
Hiroshima University.

Funding information This work was financially supported by grants-in-aid from MEXT/JSPS
of Japan [Grants No. JP26707017, No. JP15H05886 (J-Physics), No. JP18H01182, and No.
JP21J12792].

References

[1] T. Nasch, W. Jeitschko, and U. C. Rodewald, Ternary Rare Earth Transition Metal Zinc
Compounds RTyZnyy with T = Fe, Ru, Co, Rh, and Ni, Z. Naturforsch. B 52, 1023 (1997),
doi:10.1515/znb-1997-0901.

[2] T. Onimaru, K. Izawa, K. T. Matsumoto, T. Yoshida, Y. Machida, T. Ikeura, K. Wakiya,
K. Umeo, S. Kittaka, K. Araki, T. Sakakibara, and T. Takabatake, Quadrupole-driven non-

Fermi-liquid and magnetic-field-induced heavy fermion states in a non-Kramers doublet sys-
tem, Phys. Rev. B 94, 075134 (2016), doi:10.1103/PhysRevB.94.075134.

[3] A. Tsuruta and K. Miyake, Non-Fermi Liquid and Fermi Liquid in Two-Channel Anderson
Lattice Model: Theory for PrA;Aly (A =V, Ti) and PrlryZnyg, J. Phys. Soc. Jpn. 84, 114714
(2015), doi:10.7566/JPSJ.84.114714.

[4] Y. Yamane, T. Onimaru, K. Wakiya, K. T. Matsumoto, K. Umeo, and T. Takabatake, Single-
Site Non-Fermi-Liquid Behaviors in a Diluted 4f2 System Y|_,Pr.Ir;Znyg, Phys. Rev. Lett.
121, 077206 (2018), doi:10.1103/PhysRevLett.121.077206.

[5] T. Yanagisawa, H. Hidaka, H. Amitsuka, S. Zherlitsyn, J. Wosnitza, Y. Yamane,
and T. Onimaru, Evidence for the Single-Site Quadrupolar Kondo Effect in the
Dilute Non-Kramers System Y|_.Pr.dryZnyy, Phys. Rev. Lett 123 067201 (2019),
doi:10.1103/PhysRevLett.123.067201.

[6] A. Worl, M. Garst, Y. Yamane, S. Bachus, T. Onimaru, and P. Gegenwart, Divergent ther-
mal expansion and Griineisen ratio in a quadrupolar Kondo metal, Phys. Rev. Research 4,
L.022053 (2022), doi:10.1103/PhysRevResearch.4.1.022053.

[7] T. Hotta, Two-Channel Kondo Effect Emerging from Nd Ions, J. Phys. Soc. Jpn. 86, 083704
(2017), doi:10.7566/JPSJ.86.083704.



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

SciPost Physics

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Y. Yamamoto, T. Onimaru, R. J. Yamada, Y. Yamane, Y. Shimura, K. Umeo, and T. Taka-
batake, Antiferromagnetic Order of NdT>Znyy (T = Co and Rh) with the Kramers I'q Doublet
Ground State, J. Phys. Soc. Jpn. 86, 054708 (2019), doi:10.7566/JPSJ.88.044703.

Y. Isikawa, J. Ejiri, T. Mizushima, and T. Kuwali, Isotropic I's Ground State in Caged Cubic
Compound NdRuyZnyg, J. Phys. Soc. Jpn. 82, 123708 (2013), doi: 10.7566/JPSJ.82.123708.

K. Wakiya, K. T. Matsumoto, T. Onimaru, K. Umeo, and T. Takabatake, Ferromag-
netic transition in a caged compound NdOs,Znyy, Phys. Procedia 75, 511 (2015),
doi:10.1016/j.phpro.2015.12.064.

T. Namiki, K. Nosaka, K. Tsuchida, Q. Lei, R. Kanamori, and K. Nishimura, Magnetic and
thermal properties of NdT Al (T: Ti, V, Cr) single crystals, J. Phys.: Conf. Ser. 683, 012017
(2016), doi:10.1088/1742-6596/683/1/012017.

T. Namiki, Q. Lei, Y. Isikawa, and K. Nishimura, Possible Heavy Fermion State
of the Caged Cubic Compound NdV,Alyy, J. Phys. Soc. Jpn. 85, 073706 (2016),
doi:10.7566/JPSJ.85.073706.

Y. Yamane, R. J. Yamada, T. Onimaru, K. Uenishi, K. Wakiya, K. T. Matsumoto, K.
Umeo, and T. Takabatake, Competing Magnetic Interactions in the Kramers Doublet Sys-
tem NdlryZnyg, J. Phys. Soc. Jpn. 86, 054708 (2017), doi:10.7566/JPSJ.86.054708.

E. M. Forgan, S. L. Lee, W. G. Marshall, and S. Zochowski, Magnetism in the Nd-La alloy
system, J. Magn. Magn. Mater. 104-107, 1519 (1992), doi:10.1016/0304-8853(92)91435-V.

S. Jia, N. Ni, S. L. Bud’ko, and P. C. Canfield, Magnetic properties of RFeyZny,
and RCoyZnyy (R = Y, Nd, Sm, Gd-Lu), Phys. Rev. B 80, 104403 (2009),
doi:10.1103/PhysRevB.80.104403.

F. Izumi and K. Momma, Three-Dimensional Visualization in Powder Diffraction, Solid State
Phenom. 130, 15 (2007), doi:10.4028/www.scientific.net/SSP.130.15.

Y. Yamamoto, Y. Shimura, M. D. Le, D. T. Adroja, K. Umeo, T. Takabatake, and T. Onimaru,
submitted.

K. R. Lea, M. J. M. Leask, and W. P. Wolf, THE RAISING OF ANGULAR MOMENTUM
DEGENERACY OF f-ELECTRON TERMS BY CUBIC CRYSTAL FIELDS, J. Phys. Chem.
Solids 23, 1381 (1962), doi:10.1016/0022-3697(62)90192-0.

S. Jia, N. Ni, G. D. Samolyuk, A. Safa-Sefat, K. Dennis, Hyunjin Ko, G. J. Miller, S. L.
Bud’ko, and P. C. Canfield, Variation of the magnetic ordering in GdT>Znyy (T = Fe, Ru,

Os, Co, Rh and Ir) and its correlation with the electronic structure of isostructural YT, Zny,
Phys. Rev. B 77, 104408 (2008), doi:10.1103/PhysRevB.77.104408.

M. Cabrera-Baez, A. Naranjo-Uribe, J. M. Osorio-Guillén, C. Rettori, and M. A.
Avila, Multiband electronic characterization of the complex intermetallic cage system
Y1_.GdCorZnyg, Phys. Rev. B 92, 214414 (2015), doi:10.1103/PhysRevB.92.214414.



