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Frustrated antiferromagnetic honeycomb-tunnel-like lattice CuR,Ge,0g (R = Pr, Nd, Sm, and Eu)
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New frustrated antiferromagnetic compounds CuR,Ge;Og (R = Pr, Nd, Sm, Eu) have been investigated
using high-resolution x-ray diffraction, magnetic, and heat capacity measurements. These systems show different
magnetic lattices depending on rare-earth element. The nonmagnetic Eu compoundisa S = 1/2 two-dimensional
triangular antiferromagnetic lattice oriented in the ac plane with geometrical frustration. On the other hand, the
Pr, Nd, and Sm compounds show a three-dimensional honeycomb-tunnel-like lattice made of R** running along
the a axis with the characteristic behavior of frustrated antiferromagnets.
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I. INTRODUCTION

Geometrical frustration in magnetic materials has attributed
significant attention over the last few decades, the origin
of which is competing interactions due to the intrinsic
geometrical configurations like triangular antiferromagnets
(geometrical frustration) [1,2]. The other interactions such
as further-nearest neighbor interaction in Jj-J, systems
[3,4], Dzyaloshinskii-Moriya interaction [5—7], and single-ion
anisotropy [8,9] can also play a role.

Frustration naturally leads to degenerate ground states that
are the source of unusual physical phenomena. For example, a
spin ice state emerges in pyrochlore system Dy, Ti,O; [8] due
to the degeneracy of ground states with the two-in/two-out spin
configuration in a tetrahedral lattice. For Heisenberg triangular
antiferromagnets, the ground state has a 120° spin structure,
which is infinitely degenerate due to the SO(3) symmetry [10].
As demonstrated many times in the field [8,11-14], finding
a new frustrated system is an essential step that leads to
discoveries of novel hitherto unreported phenomena.

Rare-earth compounds can be a fertile ground in search for
a new frustrated system. The 4 f elements provide a strong
spin-orbit coupling (SOC), which induces large single-ion
anisotropy. Its energy scale can be comparable to other
interactions such as the dipole interaction and the exchange
interaction energy [8,9], leading to competition. The compet-
ing interactions with a large SOC that depends on rare-earth
elements is the source of various correlated phenomena: spin
ice [8], spin liquid [12], metal-insulator transitions [13], and
Weyl semimetals [14].

Moreover, the large SOC in rare-earth systems induces
J multiplets as ground states. With a particular crystal
electric field (CEF), the states can be further split to make
effective § = 1/2 [8,15,16] with strong quantum fluctuations.
Phenomena like quantum spin ice [17,18] and quantum spin
liquid [12,19,20] have been recently reported arising from such
strong quantum fluctuations in frustrated systems.

The other important factor is the dimensionality of the
system. Low-dimensional structures such as one-dimensional
(1D) chains and two-dimensional (2D) triangular lattices, are
natural candidates for new interesting ground states. This
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is because reduced dimensionality prevents the magnetic
structure from having a simple collinear configuration and
leads to more complicated ground states [21,22]. Equally
interesting are the prediction of some exotic phases in three-
dimensional (3D) systems [23-25] and the discovery of 3D
frustrated materials in pyrochlore and hyperkagome lattices
[26-28].

A honeycomb lattice is a bipartite lattice and thus, it is not,
a priori, frustrated with the nearest neighbor interaction alone.
Howeyver, it can become frustrated with the addition of further
nearest neighbor interactions [29,30]. Only a few inorganic
honeycomb systems with large interlayer interaction have been
so far reported. BizMn,O;,(NO3) with an antiferromagnetic
Heisenberg honeycomb bilayer lattice shows frustration due
to the competition between the nearest and next-nearest
neighbors [31,32]. On the other hand, in SrLn,04 (Ln = Gd,
Dy, Ho, Er, Tm, and Yb), the zigzag ladders of Ln3t running
along the ¢ axis are linked to each other and form a honeycomb
lattice on the ab plane [33]. Frustration here leads to an exotic
magnetic structure, where both long- and short-range magnetic
order coexist at high magnetic field [34,35].

In the previous study of CuNd,Ge,Og [36], it was found
that the NdOg polyhedra form triangulated dodecahedra. The
deviation of the reciprocal susceptibility from the Curie-Weiss
law was explained in terms of crystal-field couplings instead of
the interaction between Cu®* and Nd**. The unusual structure
based on NdOg polyhedra as well as the absence of a long-
range order despite the large Curie-Weiss temperature implies
significant frustration present in this Nd compound. However,
a clear understanding of the microscopic mechanism remains
poorly understood. In this study, we have characterized the
crystal structure precisely, in particular with respect to the
magnetic ions and determined the comprehensive physical
properties of several other CuR,Ge,Og materials (R = Pr, Nd,
Sm, Eu). These results provide clear evidence of substantial
frustration present in these new antiferromagnetic compounds.

II. EXPERIMENTAL METHODS

Single crystals of CuNd,Ge,Og were grown through
a self-flux method and several polycrystalline samples of
CuR;,Ge;0s (R = Pr, Nd, Sm, Eu) were synthesized using a
solid state reaction method [36]. To grow the single crystal of
CuNd,Ge,0g, we used CuO and GeO, powder as self-flux
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and the ratio of the initial materials was CuO : Nd,O; :
GeO, = 8 : 1 : 6. The mixture was annealed for 30 minutes at
1260 °C in a platinum crucible and then slowly cooled down
to 1000 °C at a rate of 2 °C/hour. Using diluted HCI (~17%)
solution, we removed residual flux and byproducts such as
CuO and CuGeOs; from the grown crystals. The typical volume
of CuNd,Ge,Og single crystals is about 0.001 mm? as shown
in the photo of one of the crystals in the inset of Fig. 1(a). The
color of the crystals is transparent greenish blue and they have
an albite shape similar to that reported in Ref. [36].

We also prepared several high-purity polycrystalline sam-
ples of CuR,Ge,Og by pelletizing and annealing the mixture
of CuO, R,03, and GeO, in a stoichiometric ratio, 1 : 1 :2
for 12 hours at 850 °C. The annealed powder of CuR,Ge,Og
was further ground and pelletized before another sintering at
elevated temperatures from 950 to 1100 °C at 50 °C steps with
a duration of 24 hours at each step. We optimized the final
sintering temperature to synthesize the highest-quality samples
by carefully monitoring x-ray diffraction (XRD) data.

To check the quality of the samples, we performed high-
resolution single-crystal and powder x-ray diffraction experi-
ments. For the full structural refinement of the CuNd,Ge,Og
single crystals, we used a XtaLAB P200, Rigaku with a
wavelength of 0.710747 A (aMo target, averaged K, ). For the
structural refinement of polycrystalline CuR,Ge,Og (R = Pr,
Nd, Sm, Eu), we used a powder diffractometer (Miniflex II,
Rigaku) with wavelengths of 1.540590 and 1.544310 A (Ky
and K, respectively). The diffraction data were analyzed
using the FULLPROF [37] software.

Magnetic and thermodynamic properties of the poly-
crystalline samples were characterized from 0.4 to 350 K
using a MPMS-XL5 and a PPMS-9ECII (Quantum Design)
equipped with *He/*He options. We carried out magnetization
measurements up to 140 kOe at 3 K using a PPMS-14
(Quantum Design) with the vibrating sample magnetometer
(VSM) option at the National Center for Inter-University
Research Facilities (NCIRF) at Seoul National University.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Structural analysis

We refined the full crystal structure of CuNd,Ge,Og using
a small, high-quality single crystal with the dimensions
of 259 x 260 x 88 um? after taking into account the x-ray
absorption effects. We collected altogether 2889 Bragg peaks
(1860 independent Bragg peaks). The crystal structure was
refined using the I1m1 unit cell setting of the nonmagnetic
rare-earth analog [38]. The unit cell size is a(A) = 8.342(3),
b(A) = 15.372(4), c¢(A) = 5.157(1), B(°) = 89.487(9), and
V(AA?) = 661.2(3). The final results shown in Fig. 1(a)
indicate good agreement between the measured data and
the refined results. For the structural refinement of other
rare-earth cases, we used the data obtained from the powder
x-ray diffractometer with the aid of the structural information
from the single crystal of CuNd,Ge,Og [see Fig. 1(b)]. The
difference between the observed and calculated intensity from
the refined structure is small as shown at the bottom of each
figure.
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FIG. 1. X-ray diffraction data of CuR,Ge,Og (R = Pr, Nd, Sm,
Eu). (a) The refinement result of single-crystal diffraction data of
CuNd,Ge,0Og and a picture of the single-crystal sample (in the
inset). (b) The refinement results of powder diffraction data of
CuR,Ge,0gs. The vertical bars just below the data indicate the position
of Bragg peaks. The lines at the bottom represent the difference
curves.

Figure 2 shows the refined crystal structure of the
CulNd,Ge,Og system, which is isostructural with other rare-
earth systems including the nonmagnetic rare-earth analog
Cu(Y/La),Ge,0Og [38]. The unit cell size and monoclinic
B angle vary depending on the ionic size of R3* [39]. In
the previous study of nonmagnetic rare-earth cases [38], the
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FIG. 2. Crystal structure of CuNd,Ge,Os. (a) (Left) The unit cell of CuNd,Ge,Og. The orange, blue, gray, and red balls indicate the
neodymium, copper, germanium, and oxygen atoms, respectively. We omit some of the oxygen atoms at the corner of the CuQO, plaquettes,
GeO, tetrahedra, and GeOs bipyramids for simplicity. The red lines display the Nd-O-Nd bond between adjacent Nd atoms, which forms a
honeycomb lattice linked along the a axis. (Right) The unit cell can be separated into two sublattices, A and B. The sublattice A contains two
copper atoms inside the honeycomb lattice. On the other hand, there are two germanium atoms instead of copper in the sublattice B. (b) The
unit cell made of Cu and Nd atoms and the possible exchange paths between the neighboring magnetic atoms: Py, P,, P3, and Py.

magnetism of the system was characterized by the Cu-ion
coordination since Cu is the only magnetic element present
in the compound. For magnetic rare-earth cases, however, the
magnetism is instead expected to be affected significantly by
the large magnetic moments of rare-earth ions.

ROg and CuO, form distorted triangular dodecahedra
and plaquettes, respectively, while germanium oxides have
GeO, tetrahedra and GeOs bipyramids. In the unit cell
of CuNd,Ge,0g [see Fig. 2(a) (left)], linked by O atoms,
Nd atoms form an elongated honeycomb layer on the bc
plane and the layers are linked along the a axis. The unit
cell can be separated into two sublattices: A and B. The
sublattice A contains two Cu atoms inside the honeycomb. On
the other hand, sublattice B contains two Ge atoms inside the
honeycomb instead of Cu and the Cu atoms are positioned
outside the honeycomb unit [see Fig. 2(a) (right)]. Figure 2(b)
shows several exchange paths between adjacent magnetic
atoms in the sublattices A and B. The paths P; and P, are
formed by two edge-sharing NdOg along the b and a axes,
respectively. P3 follows paths made by two corner-sharing
NdOg and P4 indicates the bonding of Nd-O-Cu. The bond

lengths and angles of Nd-O-Nd and Nd-O-Cu along each path
P; vary in certain ranges as summarized in Table 1.

From the coordination of the R atoms one can immediately
see that the magnetic lattice has a honeycomb tunnel-like
structure running along the a axis. The interlayer bond length
P, is comparable to the bond lengths in the honeycomb lattice
P, and Ps. It suggests that the inter- and intralayer interactions
have similar energy scales, which is different from a common
2D honeycomb lattice [40]. Although the bond lengths of Py,
P,, and P3 are roughly similar to one another, the bond angles
between the magnetic atoms differ significantly from each
other. It implies that the sign of exchange interaction along
each path is expected to be different as well [41]. Such a
complicated mixture of competing interactions is most likely
to be a leading factor to make this system frustrated [42—45].

We further note that the structure of CuR,Ge,Og is
unique as compared with the previously reported honey-
comb systems having an interlayer interaction. For instance,
Bi3Mns0,(NO3) has a honeycomb bilayer lattice made
of MnOg octahedra with a small anisotropy [31,32] while
SrLn;04 is governed by dominant interactions on zigzag
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TABLE 1. Table of bond lengths and angles along each of
exchange paths P;.

Path Bond length (A) Bond angle (°)

Nd1-03-Ndl1 4.747(1) 102.6(2)

P Nd1-04-Nd1 4.685(1) 104.5(3)
! Nd2-O1-Nd2 4.671(1) 104.1(3)
Nd2-02-Nd2 4.729(1) 102.3(3)
Nd1-O5-Nd2 5.495(1) 99.3(2)

P Nd1-06-Nd2 4.843(1) 119.7(2)
2 Nd2-O7-Nd1 5.514(1) 97.7(2)
Nd2-08-Nd1 4.735(1) 122.6(2)

P Nd2-09-Nd1 5.025(1) 141.2(2)
3 Nd1-010-Nd2 4.943(1) 149.2(2)
Nd1-06-Cu 4.498(1) 102.6(2)
Nd2-06-Cu 4.464(1) 92.4(2)
Nd1-07-Cu 4.635(1) 94.2(2)

P Nd2-07-Cu 4.785(1) 101.8(2)
4 Nd1-08-Cu 4.288(1) 106.6(2)
Nd2-08-Cu 4.207(1) 122.2(3)
Nd1-09-Cu 4.489(1) 99.0(2)
Nd2-09-Cu 4.482(1) 91.4(2)

ladders made of LnQOg octahedra [33,46]. However, the
honeycomb lattice of CuR,Ge,0Og is made of ROg triangu-
lar dodecahedra, which induce different ground states and
anisotropy due to the distinct CEF.

B. Magnetic measurements

Figure 3(a) shows the temperature-dependent magnetic
susceptibility, x(7T'), of CuR,Ge;0g. All the systems show
a peak below 5 K, which implies an onset of long-range order.
We estimate the ordering temperature from the maximum in
the dy /dT curve. Figure 3(b) shows the inverse magnetic
susceptibility, 1/x. By applying the Curie-Weiss law,

x(T) = xo+ C/(T —bcw), ey

we estimated the temperature-independent term o, effective
moments of R3* Ieff,exp» and the Curie-Weiss temperature Ocw
except for the Sm case. The parameters fter exp Were calculated
by the following relation:

Meff,exp = \/[3(Meff,total)2 - (Meff.Cu)z]/z (2)

(here, [tefr ol 18 the total effective moment from the Curie
constant C and Uefr cy 1s the effective moment of Cu [38]).
For our fitting of the Pr and Nd compounds, we used the data
taken above 100 K. The respective ordering temperatures, the
experimental and reference effective moments of R3t [47],
and the Curie-Weiss temperatures are summarized in Table II.

For the Pr case, xo is estimated to be ~0.8 x 1073
emu/Pr Oe, which is close to Van Vleck paramagnetism due to
the crystal electric field effect in Pr,Ir, O7 [48]. For the Nd case,
we found xo ~ 3 x 10~* emu/Nd Oe. The measured effective
moments of the Pr and Nd cases (iegt,exp,pr = 3.44(2)uup/Pr
and et exp,Nd = 3.62(3)up/Nd) are comparable to the
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FIG. 3. (a) Temperature-dependent dc magnetic susceptibility
x(T) of CuR,Ge,Og (R = Pr, Nd, Sm, Eu). (b) The inverse suscepti-
bility curves and the Curie-Weiss (C-W) fitting to the respective data
are shown as solid lines. The inset shows the inverse susceptibility of
CuszGeZOS.

theoretical values of free ion moments, [Lefr theo. The negative
sign of 6w indicates that the dominant exchange interaction
is antiferromagnetic. The ratio of O¢cw to the Néel ordering
temperature Ty, which is defined as a ‘frustration factor’ f,
is an experimental measure of the strength of frustration [49].
The large value of fp, = 12.8 and fys = 16.2 indicates that
these rare-earth systems are highly frustrated.

The samarium compound also shows a cusp in x(7') at
Ty = 4.34 K. However, the inverse susceptibility does not
follow the Curie-Weiss law due to the intermultiplet splittings
with different J [50,51] and the experimental effective
moments around room temperature do not coincide with the
theoretical value from Hund’s rules [47]. Therefore, we could
not estimate the exchange interaction of the ground states from
Ocw obtained by fitting the high temperature region. Moreover,
the relatively large Ty practically excludes data fitting in the
low-temperature region.

For the Eu compound, the fitting was applied on the data
taken in the low-temperature region (21 ~ 70 K) due to the
low-lying excited states. xo is found to be ~10~2 emu/mol Oe,
which s close to Van Vleck paramagnetism of the nonmagnetic
ground state "Ry of Eu,05 [52]. Also, the effective moment
Meff,exp,Eu = 1.85(2)up/mol is close to the effective moment
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FIG. 4. (a) Field-dependent magnetization M(H) at 3 K and
(b) the first derivative dM(H)/dH at 3 K. (c) Field-dependent
magnetization M (H) measured at 0.6 K below Ty and (d) the first
derivative dM (H)/dH at 0.6 K.

of Cu*" which suggests that the ground state of the Eu
ion in CuEu,;Ge,0g is nonmagnetic. To estimate the overall
temperature-dependent Van Vleck contribution [the dashed
line in Fig. 3(b)], the Cu®* contribution was removed by
subtracting the Curie-Weiss term of the La compound [38]
from the measured data. The final results (57 ~ 350 K) were
used for fitting to the Van Vleck paramagnetic susceptibility
[53]. The fit provides a spin-orbit coupling constant of
A ~ 423 K, which is similar to that of the Eu,Ir,O; compound
[54]. When we consider just the magnetic moment of Cu’t, the
system can be characterized as a two-dimensional triangular
antiferromagnet on the ac plane [38]. We note that values of
Ty and O¢cw are comparable to those of the Y and La cases
where fy =2.2 < fg, =3.4 < fr, =6.1.

To estimate the ground state and anisotropy of all the
samples, we measured the field-dependent magnetization
M(H). Figures 4(a) and 4(b) present M(H) taken at 3 K
up to 140 kOe and its first derivative, respectively. None of
the systems show hysteresis around zero field while ramping
up and down external magnetic field. Using our high-field
magnetization data, we can infer that the moments of the Nd,
Sm, and Eu cases are approaching saturation at 140 kOe but the
magnetization of the Pr compound increases even at such high
magnetic fields. The need for larger external field to saturate
Pr moments implies that the single-ion anisotropy and/or
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exchange interactions between the moments are relatively
stronger for the Pr compound than in the other systems.

The saturated magnetization M; of the Nd case is
~3.3 up/mol. Since there are two Nd** ions per formula unit,
subtracting the Cu contribution 1 pp/mol from M, gives us
the Nd contribution equal to 1.15 g /Nd. This value is similar
to My of Nd,Ir,O; with Ising magnetic anisotropy [55]. The
estimated saturation field Hgy = kgOcw/upgs{(J.) = 190
kOe with (7;) calculated using the ground state of Nd,Ir,O
[56] is also comparable to our experimental results.

For the Sm case, we found M; ~ 1.2 ug/mol. By ex-
cluding the Cu’* moments, magnetization coming from
Van Vleck paramagnetism and Sm>* ions is found to have
only 0.2 pp/mol. Such a small moment of Sm*" is sim-
ilar to that of a frustrated SmyTiO; system with peg =
0.15 wp/Sm [50]. On the other hand, M, of the Eu case is
~1.22 g /mol, which corresponds to the sum of the saturated
moment of Cu?™ 1 y3/mol and the Van Vleck paramagnetism
0.25 ppg/mol.

Figure 4(c) shows M (H ) at 0.6 K for all the systems up to 50
kOe and Fig. 4(d) shows their first derivative dM /dH below
Tx. All the measured R compounds show a metamagnetic
transition below Tx as shown by the dM /dH curve. The Pr
system reveals two broad humps with a critical field of H,| =
18 and H., = 32 kOe in dM /dH. We note that the critical
fields are different from the saturation field. This indicates
field-induced phase transitions, which can be related to the
phase transition in the spin configuration of Cu** and Pr**
moments, respectively. The Nd compound shows a sharp peak
at H. = 6.5kOeindM /dH. We think this peak is related to an
abrupt change in M (H), implying the first-order nature of the
transition such as a spin-flop transition. Like the Nd compound,
the Sm compound also shows a sharp peak at H. = 40 kOe in
dM /dH.

On the other hand, the Eu compound exhibits a dM /dH
curve [see Fig. 4(d)] similar to the nonmagnetic rare-earth
systems [38], with a peak at H, = 5.0 kOe and the saturation
taking place at Hg, = 29 kOe. The different behavior of the
field-induced transition depending on the rare-earth element
indicates that the exchange interactions in the magnetic lattice
are significantly affected by the presence of R3*.

C. Heat capacity measurements

Figure 5(a) shows the temperature dependence of heat
capacity C, of CuR,Ge,0Ogs at zero field. A lambdalike sharp
peak observed in all four systems below 5 K confirms an onset
of the long-range order as observed in x (7). The peak position
for every measured C, curve coincides well with Ty extracted
from x within the error bar as shown in Table II. Figure 5(b)

TABLE II. The summary of the magnetic susceptibility data. (*Effective moment of Cu [38].)

J Ty (K) feler Heleo Oew(K) f=
Pr 4 1.80(1) 3.44(2) 3.58 —23.0(7) 12.8(4)
Nd % 1.90(1) 3.62(3) 3.62 —31(1) 16.3(5)
Sm % 4.3(1) Undefined 0.85 Undefined Undefined
Eu 0 1.21(2) 1.85(2) 1.94(1)% —4.1(3) 3.4(3)
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FIG. 5. (a) Heat capacity C,(T) of CuR,Ge,0z under zero field.
The solid line is the phonon contribution of the Eu case estimated by
fitting the C,, to the Debye T law. (b) Entropy change AS for each
R system. The dashed lines stand for the values of RIn2 and 3RIn2,
respectively.

plots the entropy change AS of each case. The phonon
contribution Cpponon Of the Eu compound was evaluated using
the Debye T3 law in the low-temperature region (7 < 20 K).
The Cphonon contribution of the other magnetic R compounds
was estimated by scaling the Cphonon of Eu [57].

For the Eu case, since the spin degree of freedom comes
mainly from Cu®* § = 1/2 (as shown by the magnetization
measurements), the entropy change saturates at RIn2 =
5.76J/mol K. At Ty = 1.21 K, however, the entropy change
ASgy, is ~3.39]/mol K, which corresponds to 59% of RIn2.
The residual entropy released above Ty originates from the
correlation that remains short-ranged due to the geometrical
frustration of the 2D triangular lattice [58,59].

In CuPr,Ge,Og, the Pr’* ground state can be either a non-
Kramers doublet or a nonmagnetic singlet [48,60]. Given the
value of w. and the significant difference in M (H) between
Pr and nonmagnetic rare-earth Eu cases, the ground state of Pr
ions in CuPr,Ge,Ogy is likely to be the magnetic non-Kramers
doublet. In such a case, the total entropy is expected to reach
3RIn2 at high temperature including the Cu contribution of
RIn2. However, the actual entropy obtained at Ty is ASp, is
~3.35 J/mol K at Ty = 1.8 K, which is only 19% of 3RIn2
as shown in Fig. 5(b). Such a reduction of entropy indicates
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that the spin moments of Pr are highly frustrated similar to
the frustrated pyrochlore system Ln;Ir,O7 [61]. The residual
entropy is released well above T > |6¢w | eventually reaching
3RIn2 at high temperature. The difference between C, and
Cphonon above Ty shows the short-range ordering of the Pr
magnetic moments.

In the case of the CuNd,Ge,Og compound, magnetism at
Ty mainly comes from the ground state of the Kramers doublet
of Nd; the excited states do not contribute due to the large
CEF splittings between the ground and excited states [56].
Therefore, the total entropy change is expected to approach
the value of 3RIn2 including Cu contribution, consistent with
our data in Fig. 5(b). At Ty = 1.90 K, ASys ~ 7.04 J/mol K
which corresponds to 0.41 x 3RIn2. Such a small entropy
fraction below T and large residual entropy above Ty with a
broad hump in C, reflects short-range order in this frustrated
system.

For the Sm compound, we observe a tail above Ty which is
a typical sign of short-range order of frustrated systems in the
specific heat. Similar to the Nd compound, the ground state
of Sm® is a Kramers doublet. Again, the respective value of
ASs, ~ 10.37 J/mol K is observed as shown in Fig. 5(b) at
Ty = 4.3 K. The entropy difference reaches 0.60 x 3RIn2.
This small entropy fraction and the large residual entropy
above Ty is also linked to short-range interactions in this
frustrated system.

IV. DISCUSSION

CuR;,Ge;0g (R = Pr, Nd, Sm, Eu) compounds are can-
didates for a new frustrated system of rare-earth magnetism.
For the Eu case, physical quantities such as peg, My, and
AS show that the ground state of Eu’' is nonmagnetic.
Therefore CuEu,Ge,Og is a 2D triangular antiferromagnet
with Cu?* § = 1/2 quantum spins lying on the ac plane. The
triangular plane corrugates in a zigzag shape along the a axis
[38]. The Néel temperature of the Eu compound is comparable
to TN,Y = 0.51 and TN,La =1.09 K.

In the case of the Pr and Nd compounds, there is an anomaly
in x(T) around Ty. Above T > Ty, it follows paramagnetic
behavior with a relatively small temperature-independent Van
Vleck paramagnetic term related to large crystal-field splittings
from the ground state to higher excited states. The small
Van Vleck term suggests that 6cw is mainly contributed
by the exchange interactions and not by CEF [48]. For a
low-dimensional magnetic system, one would expect a broad
hump [62-66] at ~|6cw pr| =23 K and |6cw yq| =31 K.
Absence of this feature supports the 3D antiferromagnetic
scenario in these systems rather than 1D or 2D.

The large frustration factors fp, = 12.8 and fy,; = 16.3
obtained from our magnetic susceptibility data point to the
substantial frustration in these two systems. The results of
the thermodynamic measurements support the significant
frustration scenario as well. Similar to other frustrated systems
[67,68], the entropy change does not reach 3 RIn2 correspond-
ing to the spin degree of freedom of the ground state below
Ty. The broad hump in the C, curve signals that the residual
entropy is released above Ty. This is quite different from
an unfrustrated system, which releases the majority of its
entropy below the ordering temperature [57]. The hump in
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C, for a rare-earth system might also be explained by the
Schottky anomaly due to the splittings of the ground state
J manifold [69]. In this case, the temperature scale of the
anomaly is expected to be comparable to the energy level
splittings. We note that the small Van Vleck paramagnetism of
the Pr and Nd cases implies that the spitting is in the order of
100 K considering the similar ROg dodecahedra of R, X,07;
(X = 1Ir,Sn) [48,56,70]. However, the Nd compound shows the
broad hump in C, — Cpponon at temperatures well below 100
K, which indicates that the hump originates from frustration
rather than a Schottky anomaly.

Along with other R compounds, the Sm case is also a
candidate material for a 3D frustrated system. Like Pr and
Nd cases, the absence of a broad hump in x(7") indicates
3D magnetic lattice. Even though we cannot determine the
frustration factor, the thermodynamic measurement shows the
presence of frustrated moments. For example, the tail in C,, —
Chphonon above Ty appears due to a short-range correlation even
surviving at high temperatures. The large fraction of entropy
change released above Ty shows a sign of short-range order.

The magnitude of Ty for the Pr case is around 1 K, which is
comparable to Ty of their nonmagnetic rare-earth counterparts
(the Eu compound in Fig. 5 and the Y/La compounds in
[38]). Moreover, the entropy contribution from the sharp peak
is similar to the entropy contribution of Cu** RIn2 rather
than 3RIn2. These aspects suggest that only Cu’" moments
order while the R** moments do not. Nevertheless, this issue

PHYSICAL REVIEW B 96, 224427 (2017)

cannot be resolved without the help of neutron diffraction
which is left for a future study.

V. CONCLUSION

We have synthesized a single crystal of CuNd,Ge,Os
and several polycrystalline samples of CuR,Ge,0Og (R = Pr,
Nd, Sm, Eu), analyzed their crystal structure, and charac-
terized their magnetic and thermodynamic properties. While
the ground state of the Eu compound is driven solely by
the Cu ions, the Pr, Nd, and Sm compounds show a 3D
honeycomb-tunnel-like lattice made of R3*. They display a
large frustration factor, a small fraction of the entropy released
at Ty (19 ~ 60% of 3RIn2), and short-range order above
Tn, characteristic behavior of a frustrated antiferromagnet.
Frustration in CuR,Ge,Og is induced by the interplay of crystal
structure providing a route to bring in competing interactions
and the anisotropy from the large spin-orbit coupling of the
rare-earth elements.
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