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Abstract

Magnetic properties of single crystalline HoCoC2 and the evolution of magnetic and structural features in a series of polycrystalline
solid solutions HoCo1−xNixC2 (0 ≤ x ≤ 1) are investigated by means of x-ray diffraction, magnetization, magnetic susceptibility
and specific heat measurements. The crystal structures of all investigated samples refers to the CeNiC2-type structure (space group
Amm2 and Pearson symbol oS8). Non-isoelectronic substitution of Co by Ni causes a non-linear increase of the unit cell volume and
especially a non-monotonous variation of the a and c lattice parameters as well as a pronounced reduction of the C-C bond length
of carbon dimers. Temperature dependent magnetization and specific heat measurements reveal a crossover from a ferromagnetic
for HoCoC2 with TC = 10.6(1) K to an antiferromagnetic ground state for HoNiC2 with TN = 2.78(6) K and a non-monotonous
variation of the magnetic ordering temperature with a minimum at intermediate compositions. Crystalline electric field effects of
HoCoC2 and HoNiC2 are analysed using combined thermodynamic and magnetic susceptibility data. The electrical resistivity of
HoNiC2 displays a distinct anomaly near room temperature which indicates the formation of a charge density wave (CDW) state as
earlier reported for several other rare earth nickel dicarbides.

Keywords: Rare-earth transition metal carbides, Magnetic properties, Crystalline electric field, Charge density wave, Heat
capacity

1. Introduction

Carbide intermetallics containing rare earths and 3d transi-
tion metals attract enduring interest with respect to their large
variety of 4 f -3d magnetic states as well as with respect to
charge density wave phenomena, especially in RNiC2 [1, 2],
and unconventional superconductivity in LaNiC2 [3, 4]. Re-
spective ternary dicarbides, RTC2 with R = rare earth and T =

Fe, Co, and Ni occur in two structure types. The iron and nickel
containing rare earth carbide intermetallics, RFeC2 (R = Sm,
Gd – Er, Lu) and RNiC2 (R = La – Lu), crystallize in the non-
centrosymmetric orthorhombic CeNiC2-type structure, space
group Amm2 [5, 6]. RCoC2 compounds display two struc-
ture types. Those with light rare earths (R = La – Sm) adopt
the monoclinic CeCoC2-type structure, space group Bb [6, 7],
while those with heavy rare-earths (R = Gd – Lu) crystallize in
the orthorhombic CeNiC2-type structure. Both structure types
are closely related to each other, i.e., the monoclinic type can be
regarded as a distorted version of the orthorhombic one. Con-
trary to the RFeC2 carbides, those with Co and Ni are remark-
ably stable in air.
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The magnetic structures of RCoC2 and RNiC2 with R = Pr,
Nd, Tb – Tm have been extensively studied by powder neutron
diffraction (PND). A survey of these results was compiled by
Schäfer et al. [8]. The majority of RCoC2 compounds adopt
a ferromagnetic (FM) ground state at low temperatures, e.g.
HoCoC2 with a reported Curie temperature TC ' 9 K [9],
whereas RNiC2 compounds show different types of antifer-
romagnetic (AFM) ground state configurations, e.g. HoNiC2
adopts a two-component non-collinear AFM structure at a Néel
temperature reported as TN ∼ 4 K [10]. In all RCoC2 and RNiC2
compounds magnetic order is essentially confined to the rare
earth 4 f moments while 3d moments remain negligible.

Our present interest lies in the crossover from FM to AFM
ordering of the rare earth sublattice in quasi-ternary systems
RCo1−xNixC2 as well as in crystallographic peculiarities caused
by non-isoelectronic substitution of Co by Ni. Recently, the
crystal structure and evolution of magnetic properties in the
solid solution series DyCo1−xNixC2 isotypic with orthorhombic
CeNiC2 have been reported [11]. In this series, the substitution
of Co by Ni causes a remarkable deviation of the unit cell vol-
ume from Vegard’s rule and a non-monotonous variation of the
a and c lattice parameters with extrema at x ∼ 0.35. A crossover
from FM to AFM ordering is accompanied with a significant
reduction of the magnetic ordering temperature at intermediate
compositions near DyCo1/3Ni2/3C2. Here, we report on crys-
tallographic characteristics and on magnetic properties of the
series HoCo1−xNixC2 (0 ≤ x ≤ 1) as well as a single crystal
study of HoCoC2.
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2. Material and methods

2.1. Synthesis
The polycrystalline samples HoCo1−xNixC2 with composi-

tions x = 0, 0.25, 0.50, 0.75, 1.0 have been prepared by arc
melting with subsequent homogenization at 1070 K for one
month using a procedure described earlier [11]. Commer-
cially available elements, Ho sublimed bulk pieces (Alfa Ae-
sar, 99.9 at.%), powders of electrolytic nickel and cobalt (Strem
Chemicals, purity of 99.99 at.%) and graphite powder (Aldrich,
99.98 at.%), were used. Single crystalline HoCoC2 has been
grown from stoichiometric polycrystalline starting material via
the Czochralski technique in a tetra-arc furnace from Techno
Search Corp.

2.2. Diffraction and sample characterization
Powder X-ray diffraction (XRD) patterns for full profile re-

finements of the series HoCo1−xNixC2 were collected on a
STOE STADI P powder diffractometer with monochromated
Cu-Kα1 radiation (10◦ ≤ 2Θ ≤ 100◦, step size 0.05◦) to check
the samples homogeneity. For precise lattice parameters refine-
ments the data were collected at room temperature on a Siemens
D5000 powder diffractometer with graphite monochromated
Cu-Kα radiation (20◦ ≤ 2Θ ≤ 120◦, step size 0.02◦) a pow-
der of germanium (99.9999%, aGe = 5.657905 Å) served as
internal standard. All polycrystalline samples HoCo1−xNixC2
were examined using energy dispersive X-ray spectroscopy
analysis with a scanning electron microscope REMMA-102-02,
whereby only Ho, Ni and Co concentrations were examined.

Czochralski grown, single crystalline HoCoC2 was oriented
by means of a standard Laue technique and cut accordingly into
a set of three bar shape single crystals with their longest edges
oriented parallel to the principal a, b and c axis directions, with
masses of 10 to 20 mg. Another crystal was cut in approxi-
mately cubic shape with a mass near 70 mg.

2.3. Low temperature physical properties
Specific heat measurements on polycrystalline samples of

about 1 g were performed by means of a home-made adia-
batic step heating technique at temperatures ranging from 2 K to
140 K and in magnetic fields up to 2 T (see Ref. [12] for details
of the set-up). Additional specific heat measurements based
on relaxation-type technique were carried out with a Quan-
tum Design PPMS for a HoCoC2 single crystal oriented with
c-axis parallel to the externally applied field (2 – 200 K and
0 to 5 T). Single crystal and polycrystal specific heat data of
HoCoC2 are essentially matching, just the adiabatic measure-
ment of the polycrystalline sample provides a much higher res-
olution in the temperature steps. For HoNiC2 additional zero-
field heat capacity data down to 0.4 K were collected using
a PPMS 3He heat capacity insert. Temperature and field de-
pendent magnetic measurements were carried out on a CRYO-
GENIC SQUID magnetometer with a temperature range from
3 K to room temperature applying static magnetic fields up to
6 T. Additional temperature dependent magnetisation measure-
ments (3 – 400 K) as well as field dependent isothermal magne-
tization measurement at 2 K and fields up to 9 T were performed

Figure 1: Variation of the lattice parameters of solid solutions HoCo1−xNixC2
(dotted lines are guides to the eye).

for HoCoC2 single crystals with principal crystallographic ori-
entations parallel to the applied field using a PPMS vibrating
sample magnetometer. Temperature dependent resistivity mea-
surements for polycrystalline HoNiC2 were performed using a
Quantum Design PPMS set-up in a temperature range from 2 –
360 K. All other samples of the series HoCo1−xNixC2 including
a HoCoC2 single crystal (current parallel to the orthorhombic a
axis) were measured in a home-made set-up in the temperature
range from 4.2 K to room temperature. All resistivity measure-
ments were conducted with a four-point ac measuring technique
on bar shape samples with spot welded gold contacts.

3. Results and Discussion

3.1. Structural characterization
XRD data of the HoCo1−xNixC2 series were indexed in the

CeNiC2 structure type, space group Amm2, thus, confirming a
continuous solid solubility between HoCoC2 and HoNiC2. Re-
fined cell parameters of the series are summarized in Table 1.
The present results of HoCoC2 and HoNiC2 are in good agree-
ment with earlier reported data in Ref. [6].

The unit cell parameters of pseudo-ternary series
HoCo1−xNixC2 are displayed in Fig.1. The unit cell vol-
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ume increases with increasing Ni content with a negative
deviation from Vegard’s rule, as it was observed for the related
series DyCo1−xNixC2 [11]. Again, a non-linear variation of the
a and b lattice parameters is observed which may result from
the non-isoelectronic substitution of Co by Ni where one extra
electron is progressively added in the series HoCo1−xNixC2.
The latter may also be responsible for a systematic reduction
of the C–C bond length which is indicated by the present
XRD results. The C–C inter-atomic distances of HoCoC2 and
HoNiC2 have, of course, been determined more accurately
via earlier PND studies [9, 10] yielding 1.422 Å and 1.373 Å,
respectively, thus, indicating a change of the bonding character
of C–C dimers by Co/Ni substitution. Reference values of
single and double C–C bond lengths are e.g. 1.54 Å in diamond
and 1.34 Å in alkene, respectively. This indicates some change
of the electronic structure due to Co/Ni substitution in the
series HoCo1−xNixC2.

x(Ni) lattice parameters (Å) V (Å3)
a b c

0.00 3.5156(1) 4.5087(1) 6.0262(1) 95.5197(3)
0.25 3.5098(2) 4.5076(2) 6.0424(2) 95.5954(6)
0.50 3.5149(1) 4.5063(2) 6.0447(2) 95.7432(5)
0.75 3.5287(2) 4.5054(2) 6.0340(2) 95.9298(6)
1.00 3.5465(1) 4.5003(2) 6.0285(1) 96.2157(4)

Table 1: Room temperature lattice parameters of solid solutions HoCo1−xNixC2
as labeled. Structure type CeNiC2, space group Amm2.

3.2. Specific heat and magnetic susceptibility of the solid solu-
tion series HoCo1−xNixC2

The evolution of magnetic ordering temperatures in the solid
solution HoCo1−xNixC2 is revealed by the specific heat results
depicted in Fig. 2. The magnetic phase transition temperatures
determined from the magnetic specific heat anomalies display a
non-monotonous variation from TC = 10.6(1) K for HoCoC2 to
TN = 2.78(5) K for HoNiC2. The lowest transition temperature
is observed for HoCo0.25Ni0.75C2 with a presumably AFM Néel
temperature, TN = 2.4(1) K. Accordingly, we expect a mini-
mum of the ordering temperature somewhere on the Ni-richer
side, most likely in the composition range 0.5 < x < 0.75. We
note, that the Curie temperature of HoCoC2, TC = 10.6(1) K
obtained from the present thermodynamic data, is markedly
higher than the earlier reported value, TC ' 9 K, evaluated from
PND data [9]. For the other end of the solid solution, HoNiC2,
specific heat data indicate a distinctly lower phase transition
temperature TN = 2.78(5) K as compared to TN ∼ 4 K re-
ported from PND studies [10]. The latter value may relate to
short range correlations which possibly cause the pronounced
tail which appears above the distinct second order anomaly of
HoNiC2 in Fig. 2 (i.e. above 2.8 K). The present specific heat
data of HoNiC2 are in fair agreement with data reported ear-
lier [13] where an ordering temperature of 3 K has been deter-
mined from a slightly less distinct specific heat anomaly.

Figure 2: Temperature dependent specific heat, C(T ), of polycrystalline sam-
ples of solid solutions HoCo1−xNixC2 as labeled. The solid blue line indicates
a Ho nuclear Schottky contribution (see section 3.4).

The temperature dependent inverse dc magnetic susceptibil-
ities, H/M ≡ 1/χ, of single crystalline HoCoC2 averaged with
respect to the principal orientations and of fixed powders of
polycrystalline HoNiC2 and solid solutions HoCo1−xNixC2 is
displayed in Fig. 3. For the temperature interval from 30 K
to room temperature, a modified Curie-Weiss model, χ(T ) =

χ0 + C/(T − θp), applies well to describe the temperature de-
pendence of the inverse susceptibility data (fits are indicated as
solid lines in Fig. 3). Thereby, χ0 stands for a temperature inde-
pendent, Pauli-like component of the susceptibility, θp for the
paramagnetic Curie-Weiss temperature, and C is the Curie con-
stant which relates to the effective paramagnetic moment, µeff ,
by C = NAµ

2
eff
/3kB.

Several features and trends revealed by the analysis of the
1/χ data in Fig. 3 in terms of the modified Curie-Weiss model
are closely following our earlier observations on the related
series DyCo1−xNixC2 [11]: The Pauli paramagnetic compo-
nents χ0 vary from about 3 × 10−3 emu/mol for HoCoC2 to
about 0.8 × 10−3 emu/mol for HoNiC2. The effective para-
magnetic moment of HoNiC2, µeff = 10.6 µB/f.u., essentially
matches the theoretical free ion value of Ho3+ (10.58 µB), and
is in close agreement with a directional average of the effec-
tive moment, µeff = 10.5 µB/f.u., evaluated from single crystal
susceptibility data of HoNiC2 by Koshikawa et al. [14]. All
cobalt containing solid solutions HoCo1−xNixC2 and their par-
ent compound HoCoC2 exhibit slightly reduced effective para-
magnetic moments ranging from 10.2 to 10.5 µB. From ori-
entation averaged single crystal SQUID data of HoCoC2 we
obtain µeff = 10.3(1) µB/f.u. and using orientation averaged
VSM susceptibility data of a 70 mg HoCoC2 single crystal and
an extended temperature interval 30 – 390 K (see section 3.5)
for this fit, we obtain µeff = 10.5(1) µB/f.u. and slightly lower
χ0 ' 2 × 10−3 emu/mol For the corresponding Dy-based solid
solutions a similar, but more pronounced and monotonous in-
crease of the effective moment from DyCoC2 towards DyNiC2
has been reported [11]. The paramagnetic Curie-Weiss tem-
peratures θp obtained for HoCo1−xNixC2 finally reveal a sign
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Figure 3: Temperature dependent inverse magnetic susceptibility, H/M, mea-
sured at 1 T on fixed powder samples of the series HoCo1−xNixC2 as labeled.
For HoCoC2, the average of single crystal measurements in principal orienta-
tions is displayed. Solid lines are fits by a modified Curie-Weiss law (see text).
Insert: magnetic phase diagram of composition dependent transition tempera-
tures, TM, and paramagnetic Curie temperatures, θp; dashed lines connecting
TM are guides to the eye.

change (in line with the transition from a FM to an AFM
ground state) which was also observed for the related Dy-based
series [11]. The Co/Ni composition dependent variation of
the magnetic phase transition temperatures, TM, and the para-
magnetic Curie-Weiss temperatures, θp, are summarized as a
magnetic phase diagram depicted as insert in Fig. 3.

3.3. Single crystal study of the magnetic anisotropy of HoCoC2

While details of the magnetic anisotropy of single crys-
talline HoNiC2 have been reported earlier [14], a correspond-
ing investigation was still pending for HoCoC2. Ferromag-
netism with Ho-4 f spontaneously ordered magnetic moments,
µso = 6.6(1) µB (at 1.7 K), oriented in the crystallographic a axis
direction has been proposed from powder neutron diffraction
on HoCoC2 by Schäfer et al. [9]. The 2 K magnetic isotherms,
M(H), of the present HoCoC2 single crystal displayed in Fig. 4
for H||a, H||b, and H||c confirm the a axis as the easy direc-
tion of magnetization, but reveal a slightly larger spontaneously
ordered magnetic moment, µso = 7.10(6) µB, at 2 K. Corre-
sponding temperature dependent inverse magnetic susceptibil-
ity data, H/M(T ), presented for the same principal orientations
in Sec. 3.5 further reveals the a axis as the easy direction of the
single ion CEF anisotropy (see below).

Additional temperature and field dependent specific heat data
of a HoCoC2 single crystal measured with H||a-axis orienta-
tion (not shown) reveal a magnetic field induced broadening
and shift of the magnetic specific heat anomaly towards ele-
vated temperatures which is well in line with the behavior of a
collinear FM state.

3.4. Magnetic specific heat contribution and magnetic entropy
gain

The 4 f magnetic specific heat contributions of HoCoC2 and
HoNiC2 are extracted from the total heat capacities displayed in
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Figure 4: Isothermal, field dependent magnetization of single crystalline
HoCoC2 measured at 2 K for principal orientations of the magnetic field as
labeled.

Fig. 2 by subtracting conduction electron and lattice contribu-
tions via specific heat reference data of LuCoC2 and LuNiC2,
respectively [15]. For the evaluation of the magnetic entropy
gain, in particular for HoNiC2, it is further necessary to eval-
uate and subtract the magnetic contributions of (165)Ho nuclei
with I = 7/2 nuclear spin, saturated nuclear moment µsn =

2.108 × 10−26 J/T and rather large hyperfine interaction. The
hyperfine splitting of the J = 7/2 multiplet causes a nuclear
Schottky specific heat anomaly well below 1 K whose tail, how-
ever, is clearly visible as low temperature upturn of the specific
heat data in Fig. 2. For elemental Ho metal nuclear specific
heat contributions have been studied by Gordon et al. [16] and
they proposed a simple Curie-type (non-interacting) paramag-
netic model to account for the nuclear specific heat contribu-
tion. Accordingly, we adjust and subtract this contribution by
the relation, Cnuc(T ) = Rx2B′I(x), with x = µ0µsnH/kBT , B′I(x)
being the derivative of the Brillouin function and R the gas con-
stant. Using ∆nuc ≡ µ0µsnH/kB as a fitting parameter, we ob-
tain ∆nuc ' 0.86 K for HoCoC2 from data starting at 2.3 K and
almost identical ∆nuc ' 0.84 K for HoNiC2 from lower tem-
perature data down to 0.4 K. The latter, Cnuc(T ) for HoNiC2, is
shown as solid line in Fig. 2. The present values for the overall
splitting of the Ho nuclear multiplet are of similar magnitude as
∆nuc ' 1.36 K obtained for elemental Ho metal [16].

The temperature dependent magnetic specific heat contribu-
tions C4 f (T ) of HoCoC2 and HoNiC2, obtained by subtract-
ing conduction electron, phonon, and nuclear contributions via
the above explained procedure, are presented in Fig. 5. The
applicability of the subtraction procedure is corroborated by
the possibility to smoothly extrapolate these data by appropri-
ate spin-wave models. For ferromagnetic HoCoC2 we apply
an extrapolation based on a gaped FM spin-wave dispersion,
ω = ∆ + D2k2, where ∆ is the spin-wave excitation gap and D
a spin wave stiffness factor. The resulting inner energy contri-
bution of spin-wave excitations in the low temperature limit is
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Figure 5: Temperature dependent magnetic specific heat contributions C4 f (T )
of HoCoC2 and HoNiC2, strong solid, bright yellow and dark blue lines are fits
by spin-wave models, Eqn. 2 and 3, respectively (see text); insert: correspond-
ing entropy functions S 4 f (T ) evaluated via Eqn. 4.

then given by,

UFMsw(T ) ∝

∞∫
∆

ω
√
ω − ∆

eω/T − 1
dω, (1)

where the factor
√
ω − ∆ relates to the magnon density of states

and for a simple fitting of ω and ∆ these parameters are taken
in units of Kelvin. The specific heat contribution, CFMsw(T ), is
then computed via

CFMsw(T ) =
∂UFMsw(T )

∂T
=

∞∫
∆

A
(
ω
T

)2
eω/T
√
ω − ∆

[eω/T − 1]2 dω, (2)

where A is a factor ∝ 1/D3. The corresponding fit in the temper-
ature range 2.3 – 5 K displayed as bright yellow line in Fig. 5,
thus, yields a spin-wave excitation gap, ∆ = 17.1 K, which es-
sentially relates to the significant crystal field anisotropy, and
factor A = 0.259 J/mol K5/2.

For antiferromagnetic HoNiC2 we apply a relativistic form
of the AFM spin-wave dispersion, ω =

√
∆2 + D2k2, as e.g.

derived by Batist et al. [17]. In this case, the magnon den-
sity of states is proportional ω

√
ω2 − ∆2 and the corresponding

specific heat contribution, CAFsw(T ), can be calculated via an
expansion of the improper integral yielding a low temperature
approximation [18]

CAFsw(T ) ' A∆
7
2 T

1
2 e−

∆
T

[
1 +

39
20

(T
∆

)
+

51
32

(T
∆

)2]
. (3)

The corresponding fit to the magnon specific heat contributions
for T ≤ 0.5TN (displayed as dark blue solid line in Fig. 5) via
Eqn. (3) yields an estimate for the spin-wave gap ∆ ' 1.26 K,
and a prefactor A = 0.46 J/mol K5 related to the spin-wave stiff-
ness D. The subtraction of a relatively large nuclear contri-
bution in the relevant temperature interval (compare Fig. 2),
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Figure 6: Temperature and field orientation dependent inverse magnetic suscep-
tibility data of HoCoC2 given as symbols and the CEF fit (see text) as lines as
labeled; insert: temperature dependent 4 f magnetic entropy S 4 f (T ) of HoCoC2
given as symbols and the result of the CEF fit as a solid line.

of course, introduces some ambiguity for the spin-wave pa-
rameters of HoNiC2 while such ambiguities are negligible for
HoCoC2.

The temperature dependent 4 f magnetic entropy gain,
S 4 f (T ), of HoCoC2 and HoNiC2 is evaluated by integrating the
4 f magnetic specific heat contributions displayed Fig. 5 via the
basic relation

S 4 f (T ) =

T∫
0

C4 f

T ′
dT ′, (4)

including the T → 0 extrapolations of C4 f (T ) by the corre-
sponding spin-wave models (strong solid lines in Fig. 5). The
resulting entropy functions are displayed in the insert of Fig. 5.
The overall CEF splitting of HoNiC2 is clearly reduced as com-
pared to HoCoC2.

3.5. Crystalline electric field

The above presented magnetic specific heat and entropy
functions combined with single crystal susceptibility data of
HoCoC2 in section 3.3 and single crystal susceptibility data of
HoNiC2 reported by Koshikawa et al. [14] provide an experi-
mental basis for analysing CEF effects.

The orthorhombic CEF acting on the 17-fold degenerate,
non-Kramers 5I8 ground multiplet of the 4 f 10 orbital of Ho3+

is described by the Hamiltonian [19]

HCF = B0
2O0

2 + B2
2O2

2 +

B0
4O0

4 + B2
4O2

4 + B4
4O4

4 +

B0
6O0

6 + B2
6O2

6 + B4
6O4

6 + B6
6O6

6 (5)

where Bm
l are the CF parameters and Om

l are the Stevens opera-
tors (for a review, see e.g. Ref. [20]).

Using the software McPhase [21] we performed a simultane-
ous fit of C4 f (T ), S 4 f (T ), 1/χH||a(T ), 1/χH||b(T ), and 1/χH||c(T ),
for T > 12 K in the case of HoCoC2 and T > 5 K in the case of
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(see text) as solid line; insert: single crystal inverse magnetic susceptibility data
according to Ref. [14] are indicated as symbols and the corresponding CEF fit
as lines as labeled.

HoNiC2, with respect to the nine CEF parameters Bm
l , whereby

a simulated annealing algorithm as described in Ref. [22] has
been employed. The variation of initial parameter settings and
’annealing conditions’ revealed approximately reproducible re-
sults for the two lowest order parameters B0

2 and B2
2, while seven

higher order parameters B0
4 to B6

6 remained ambiguous.
The best fit of the experimental susceptibility and entropy

data of HoCoC2 is displayed in Fig. 6. An isotropic molecular
field, λ = 0.4 meV and a temperature independent component
χ0 = 1.3×10−3 emu/mol have been taken into account (compare
section 3.2). The resulting relevant crystal field parameters are
B0

2 ' −0.018 meV and B2
2 = −0.099 meV. The CEF model fit

displayed in Fig. 6 suggests a singlet ground state followed by
a quasi-doublet ∆1,2 ' 2.5 meV.

For the fit of HoNiC2 we combined the magnetic entropy
results of Fig. 5 with susceptibility data generated from the
parameters given in Table 1 of Ref. [14]. The corresponding
best fit of the experimental data employing an isotropic anti-
ferromagnetic molecular field, λ = −0.3 meV, is displayed in
Fig. 7 yielding the crystal field parameters B0

2 = −0.019 meV
and B2

2 = +0.063 meV. The corresponding level scheme of 17
singlets reveals a singlet ground state followed by lowest lev-
els ∆1 = 0.8, and ∆2 = 1.7 meV which contribute to the AFM
ordered ground state of HoNiC2 at below 2.8 K. The circum-
stance that ∆1 > TN, may explain the significant reduction of
the specific heat anomaly at TN.

3.6. Charge density wave anomaly in HoNiC2

Temperature dependent electrical resistivity data, ρ(T ), of the
HoCo1−xNixC2 series reveal a typical metal-like behavior with,
of course, a strong increase of the temperature independent
residual resistivity due to substitutional disorder in the solid so-
lutions. Most relevant ρ(T ) data of HoCoC2 and HoNiC2 are
shown in Fig. 8. Among all samples investigated, single crys-
talline HoCoC2 displays the most distinct magnetic anomaly
and the highest room temperature to residual resistivity ratio,
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Figure 8: Temperature dependent electrical resistivity, ρ(T ), of single crys-
talline HoNiC2 (scale on right side) and polycrystalline HoNiC2 (scale on left
side) with vertical arrow indicating the onset of CDW formation.

RRR ∼ 8 (RRR ∼ 4 for polycrystalline HoCoC2) while all other
samples of the HoCo1−xNixC2 series exhibit RRR ≤ 2.5, in-
cluding HoNiC2 with RRR ∼ 2.3. The latter, HoNiC2, dis-
plays an anomaly at about 317 K (marked by the vertical ar-
row in Fig. 8), while the corresponding feature further broad-
ens for HoCo0.25Ni0.75C2 (not shown) and cannot be traced for
other investigated compositions HoCo1−xNixC2 (0.5 ≤ x ≤ 1).
The CDW transition temperature, TCDW ' 317 K fits well to
the extrapolated trend of multiple CDW transitions in the se-
ries RNiC2 which were recently re-evaluated for R = Ce – Tb
by Shimomura et al. [2]. Thereby, multiple CDW transitions
observed for R = Gd and Tb appear to merge in one single
transition of HoNiC2 visible in Fig. 8. A significant enhance-
ment of the residual resistivity, ρ0, resulting from CDW insta-
bilities (e.g. compared to RCoC2) is a general feature of the
series RNiC2 (R = Ce – Tb) [1] which also applies for HoNiC2.

4. Summary and Conclusions

A continuous solid solution occurs in the pseudo-ternary sys-
tem HoCo1−xNixC2 (0 ≤ x ≤ 1) adopting the orthorhombic
CeNiC2 structure type with non-centrosymmetric space group
Amm2. The lattice volume increases non-linearly within the
solid solution with increasing Ni content. Non-isoelectronic
substitution of Co by Ni causes also a deviation of variation of
a and b lattice parameters from Vegard’s rule and a pronounced
increase of the C–C bond number.

Temperature dependent specific heat measurements reveal a
non-monotonous variation of the magnetic ordering tempera-
ture TM(x) in the series HoCo1−xNixC2 starting from HoCoC2
with TC = 10.6(1) K and ending at HoNiC2 with TN =

2.78(6) K, whereby a minimum of the magnetic ordering tem-
perature is passed at intermediate compositions. The analysis
of inverse magnetic susceptibility data in terms of a modified
Curie-Weiss model further reveals a sign change of the param-
agnetic Curie temperature, which appears to roughly coincide
with a minimum of TM(x).
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Using LuCoC2 and LuNiC2 as reference materials for the
electron and lattice contributions to the total heat capacities
of HoCoC2 and HoNiC2 and employing a simple paramag-
netic gas model to evaluate the nuclear contributions, we have
extracted the 4 f magnetic specific heat, C4 f (T ), and entropy
contributions, S 4 f (T ). Thereby, the magnetic specific heat of
FM HoCoC2 reveals a significant spin-wave excitation gap,
∆ ' 1.6 TC, which is due to the large single ion anisotropy of
this compound. Further combining these thermodynamic data,
C4 f (T ) and S 4 f (T ), with results of single crystal susceptibil-
ity measurements on HoCoC2 and with earlier reported single
crystal data of HoNiC2 we evaluate estimates of the lowest or-
der CEF parameters B0

2 ' −0.018 meV, B2
2 = −0.099 meV and

B0
2 = −0.019 meV, B2

2 = +0.063 meV for HoCoC2 and HoNiC2,
respectively.

Temperature dependent electrical resistivity data of HoNiC2
display a distinct anomaly at about 317 K which is in line with
the trend of CDW transitions earlier reported for the series
isostructural compounds RNiC2 (R = Ce – Tb) [1, 2].
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Evolution of magnetic properties in the solid solution DyCo1−xNixC2,
Journal of Magnetism and Magnetic Materials 374 (2015) 553 – 558.
doi:10.1016/j.jmmm.2014.08.085.

[12] S. Manalo, H. Michor, M. El-Hagary, G. Hilscher, E. Schachinger, Super-
conducting properties of YxLu1−xNi2B2C and La3Ni2B2N3−δ : a compar-

ison between experiment and Eliashberg theory, Phys. Rev. B 63 (2001)
104508. doi:10.1103/PhysRevB.63.104508.

[13] Y. Long, C. Z. Zheng, J. L. Luo, Z. J. Cheng, Y. S. He, Heat capacity
of the ternary compounds ReNiC2 (Re= Dy, Ho, Er, and Y), Journal of
Applied Physics 89 (2001) 3523–3525. doi:10.1063/1.1333717.

[14] Y. Koshikawa, H. Onodera, M. Kosaka, H. Yamauchi, M. Ohashi, Y. Ya-
maguchi, Crystalline electric fields and magnetic properties of single-
crystalline RNiC2 compounds (R= Ho, Er and Tm), Journal of Mag-
netism and Magnetic Materials 173 (1997) 72 – 82. doi:10.1016/

S0304-8853(97)00177-7.
[15] S. Steiner, H. Michor, B. Hinterleitner, B. Stöger, O. Sologub, E. Bauer,
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