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We present studies of neutron diffraction, electrical resistivity, magnetic susceptibility, magnetization, and
specific heat of noncentrosymmetric YbNiC2. At normal pressure, YbNiC2 is a moderate heavy-fermion com-
pound with Kondo lattice. At 16 K we observe an anomaly in the temperature dependence of specific heat which
is ascribed to an abrupt valence change of Yb ions. At pressures above 7 GPa, the valence change and the Kondo
lattice state are suppressed, and near a temperature of 10 K we detect the appearance of magnetic order. Above
5 GPa, the temperature dependence of the resistivity behaves similarly to other compounds of the CeNiC2-type
family, indicating the formation of charge density waves. This is attributed to the nesting properties of the Fermi
surface (FS) found within the density functional theory + dynamical mean field theory treatment. Our ab initio
calculations also show that the valence of Yb in YbNiC2 at normal conditions is 2.85, which increases with
temperature and pressure. The FS of YbNiC2 is anisotropic in shape in comparison with the 3D surface of
YbCoC2.

DOI: 10.1103/PhysRevB.103.235139

I. INTRODUCTION

Investigations of heavy-fermion (HF) systems with strong
4 f - and 5 f -electron correlations have attracted great interest
among the condensed matter community for decades [1–7].
A wide variety of nontrivial phenomena has been observed
in these systems, such as the coexistence of triplet super-
conductivity and ferromagnetism, localized and delocalized
f electrons (dualism), the presence of valence fluctuations,
magnetic interactions, and Kondo effect. The HF systems are
highly sensitive to the pressure, magnetic fields and electron
concentration, allowing us to change the state on the phase
diagram. A special place among the systems is occupied by
the intermetallic compounds of ytterbium (Yb) [8–10].

Usually, Yb-based intermetallic compounds have elec-
tronic instability of 4 f electrons. The compounds are
considered as hole analog of Ce-based compounds. The latter
are fairly well studied experimentally and theoretically. At
the same time, compounds with Yb are less studied. One
of the reasons for this are the difficulties in synthesizing of
Yb compounds at normal pressure due to the low melting
point and high vapor pressure of Yb. In Yb-based compounds
with d-transition metals and p-elements, Yb ions can be in
a mixed-valent state [with two electronic configurations of
Yb: Yb2+ with 14 (4 f 146s2) and Yb3+ with 13 (4 f 135d16s2)
electrons on the 4 f shell] with strong electronic correlations,
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the description of which is still a problem without a general
solution. At the same time, the knowledge of Yb valence
behavior is a required ingredient in the understanding of the
physics of competition between interactions arising in such
systems. In Yb-based HF systems the applying of pressure
results in a less pronounced change in interaction strength J
between conduction and local f electrons (c- f ) in comparison
with Ce HF systems [9]. The external pressure is the best
way to change the Yb valence and the balance between mag-
netic Ruderman-Kittel-Kasuya-Yosida (RKKY) and Kondo
interactions.

In most cases the Yb valence in intermetallic compounds
changes smoothly with temperature without the visible
anomalies on the macroscopic quantities. A sharp isostruc-
tural valence transition was recently detected in YbPd2Al3 at
T = 110 K with a change in the valence of Yb ions from 3+
to 2+ [11]. A valence crossover near quantum critical point
was observed for YbNi3Ga9 compound [7,12]. YbInCu4 is
a well-known example of a HF system with the complex
nature of concurrent low-lying states. There, at Tv = 42 K,
the first-order valence transition (FOVT) is observed. As the
temperature decreases, the Yb ion undergoes a transition from
the approximately trivalent magnetic state to an intermediate
valent state with a valence close to 2.8 [2,13] (arguably such
a valence transition is similar to the α-γ transition in Ce and
black-gold transition in SmS [14–16]). At P > 2.4 GPa, when
FOVT is suppressed, the trivalent state of Yb becomes more
energetically favorable, and YbInCu4 becomes ferromagnetic
at TM ≈ 2.4 K [17–19].
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It is known that the electronic and magnetic properties of
Yb strongly depend on the properties of its partner [3,20–28].
In Ref. [29], it was shown that in the HF noncentrosymmetric
(NC) YbCoC2, 4 f electrons are both in the localized and in
the itinerant states with strong 3d Co electrons hybridization.
This notably manifests in the high temperature of antiferro-
magnetic ordering. In this regard, it seemed interesting to
study the isostructural YbNiC2 compound and to trace how
the properties of the 4 f electrons of Yb are changed if the
number of 3d electrons is increased by one.

The family of NC carbides RNiC2 (where R is a rare-
earth element) is studied intensively. The many nontrivial
phenomena have been observed in them, such as quantum
critical behavior, interplay of charge density wave (CDW),
magnetism, and unconventional superconductivity [30–38].
The compounds with R = Nd, Tb, Dy, Ho, Er, and Tm order
antiferromagnetically at low temperatures [39,40]. The Ni
ions are nonmagnetic in the all-studied RNiC2 compounds
[40,41].

In this paper, we report on the high-pressure sample syn-
thesis and study of the magnetic, heat, and transport properties
of YbNiC2. After an introduction to the experimental meth-
ods (Sec. II), we describe the ambient pressure properties of
YbNiC2. These include a transition from an approximately
trivalent state to an intermediate valent state of Yb and the
formation of a Kondo lattice with the decrease of temperature
(Sec. III). Using pressure as a clean way to tune the valence
state of Yb ions and change the RKKY and Kondo interaction
strengths, we show that a magnetic ground state is reached
above ≈7 GPa, when the trivalent state of Yb ions is recov-
ered. Also, a pressure-induced CDW is observed (Sec. IV).
Our experimental findings are supplemented by extensive
ab initio calculations, which confirm the valence state and
magnetic transitions and reveal the peculiarities of the Fermi
surface (FS) of YbNiC2, supporting the formation of a CDW
(Sec. V). The conclusions drawn from our experimental and
numerical results are finally discussed in Sec. VI.

II. SAMPLE SYNTHESIS AND EXPERIMENTAL
TECHNIQUES

Polycrystalline samples of YbNiC2 were synthesized by
melting Yb, Ni, and C (see Ref. [42]) at 8 GPa and
1500–1700 K using Toroid high-pressure cell. The purities of
constituent elements were 99.7% for Yb, 99.9% for Ni, and
99.99% for C.

X-ray powder diffraction (XRPD) measurements at room
temperature and ambient pressure were performed using the
diffractometer Guinier camera G670, Huber (Cu-Kα1).

The heat-capacity measurements at ambient pressure were
performed using the PPMS, the measurements under the
external magnetic field and high pressure were performed
using modulation calorimetry (ac-calorimetry) [43,44]. Mea-
surements below 5 GPa were performed in a miniature
clamped Toroid-type device with glycerine-water (3:2) liq-
uid as the pressure-transmitting medium [45]. Measurements
in the range 2.5–9.5 GPa were performed in a clamped
Bridgman anvil device with a solid pressure medium. The
electrical resistivity measurements were performed on bulk
polycrystalline samples using a Toroid-type device up to

FIG. 1. The refined XRPD pattern for YbNiC2 at T = 295 K and
P = 0 GPa (the obtained lattice parameters are listed in Table I). The
experimental points (blue dots), the calculated profiles (red line), and
their differences (blue line) are shown. The bars in the lower part of
the graph represent the calculated Bragg reflections that correspond
to YbNiC2. Inset: YbNiC2 crystal structure with the red, blue, and
green balls corresponding to Yb, Co, and C ions, respectively.

5 GPa and a diamond anvil cell (DAC) with NaCl as a pres-
sure medium at higher pressures. At hydrostatic pressure the
resistivity measurements were performed on the samples pol-
ished to the shape of rectangular bars with typical dimensions
1.2 × 0.3 × 0.2 mm. Four platinum wires 25 μm in diameter
were spot-welded to the sample. Samples used in a DAC
have a shape of thin chips ≈250 μm in length. Four platinum
foil electrodes were pressed to the sample in this case. The
pressure for measurements in the DACs was determined by
the ruby fluorescence method [46].

The neutron powder diffraction (NPD) patterns and small-
angle neutron scattering (SANS) data were obtained on the
G4-1 and PA20 [47] beamlines, respectively (Laboratoire
Léon Brillouin, Saclay, France). The XRPD and NPD patterns
were analyzed with the Rietveld method using FULLPROF
software suite [48].

III. AMBIENT PRESSURE PROPERTIES

We begin the discussion from the results obtained at
ambient pressure. YbNiC2 crystallizes in NC orthorhombic
CeNiC2-type structure (space group Amm2, No. 38) in which
alternating Yb and Ni planes are stacked along the c crystal-
lographic direction, while carbon ions form dimers (Fig. 1).
The refined crystal structure parameters at T = 295 K of the
YbNiC2 compound synthesized by us are given in Table I.

TABLE I. The crystallographic parameters of high-pressure syn-
thesized YbNiC2 (space group Amm2) obtained from XRPD data at
T = 295 K, P = 0 GPa.

Lattice constant (Å) a = 3.476 b = 4.494 c = 5.998

Atom position (r.l.u.) x y z
Yb 0 0 0
Ni 1/2 0 0.603
C 1/2 0.157 0.295
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FIG. 2. The temperature dependencies of the magnetic suscepti-
bility of YbNiC2 measured in the external magnetic field B = 300 Oe
(blue line and dots) together with the Curie-Weiss fit above 150 K
(red line) and the magnetic susceptibility of TmNiC2 measured in
the external magnetic field B = 5 Oe (green dots). Inset: The experi-
mental magnetic susceptibility of YbNiC2 together with the impurity
corrected part (orange dots).

It should be noted that the unit cell volume (93.686 Å3) de-
viates from the linear behavior observed through the RNiC2

series [49]. Namely, it is larger than expected, which might
already indicate an intermediate valence state of the Yb ions
in YbNiC2, since the size of Yb2+ is larger than that of Yb3+.

The temperature dependence of the magnetic susceptibility
for YbNiC2 measured in an external magnetic field of 300 Oe
above 150 K can be well approximated using the Curie-Weiss
law with parameters C = 2.633(2) emu K/mol and �CW =
−170.9(1) K (Fig. 2). The effective magnetic moment deter-
mined from C, μeff = 4.59(6) μB/f.u., nearly equals to the
magnetic moment for the free Yb3+ ion (=4.54 μB). The large
negative value of �CW points to the c − f hybridization. The
upturn of the magnetic susceptibility at low temperature could
be connected with the small amount (about 1.3%) of impuri-
ties (see the inset of Fig. 2). The possible impurity is YbNi5

which orders ferromagnetically below 0.55 K [50]. The abso-
lute value of the magnetic susceptibility of YbNiC2 is in one
order of magnitude smaller in comparison with the magnetic
RNiC2 compounds (see the measured magnetic susceptibility
of the high pressure-high temperature synthesized TmNiC2

compound which orders antiferromagnetically below TN ≈ 5
K [35] in Fig. 2).

The isothermal magnetization at T = 40 K, M(H ) has a
smooth linear character, typical of a paramagnet (see Fig. 3).
The magnetization measured at T = 2 K has a slight curvature
and becomes linear for the fields above 7 T. The χ = M/H
value from this linear part is equal to 0.008 emu/mol, which
can probably be attributed to the spin fluctuations at low
temperatures, as will be discussed later.

The temperature dependence of electrical resistivity re-
veals the metallic character of YbNiC2 in the temperature
range 100–350 K (see Fig. 4). At lower temperatures, the re-
sistivity increases, reaching a maximum at Tmax = 18.0(3) K.
In the temperature range 19–80 K, the resistivity is well
described by the function ρ0 + cphT + cKln(T ), where the

FIG. 3. The isothermal magnetization of YbNiC2 measured in
the field range H = 0–9 T at T = 2 and 40 K.

first term is due to the temperature-independent scattering
on static inhomogeneities of the lattice and disordered mag-
netic moments, the second temperature-linear term is due to
the phonon scattering, and the last term is due to spin-flip
scattering on Kondo impurities. The fitted parameters are
ρ0 = 1.313(5) m�-cm, cph = 3.24(6) μ�-cm/K, and cK =
−0.255(2) m�-cm. Such logarithmic behavior is similar to
that observed in other Kondo lattices and the decrease of the
resistivity at T < Tmax is due to the formation of coherence
regime in the Kondo lattice.

The zero magnetic field-specific heat in the temper-
ature range of 20–40 K can be well approximated by
γHTT + βHTT 3 function (see Fig. 5), where the first term
is related to the electronic and the second to the phonon
contributions to the specific heat. The fit parameters are
γHT = 174(2) mJ/mol-K2 and βHT = 110(20) μJ/mol-K4.
The obtained Sommerfeld coefficient is close to the value
for YbCoC2 above the AFM transition temperature [29]
(γ = 190(1) mJ/mol-K2). The Debye temperature �D asso-

FIG. 4. The temperature dependence of the electrical resistivity
of YbNiC2 at P = 0 GPa (blue points). The red line is a fit (see text
for the details).
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FIG. 5. Temperature dependence of the heat capacity of YbNiC2

at P = 0 GPa and H = 0 T. The red line is a fit of the full heat
capacity above the peak with γHTT + βHTT 3 law, the green line
is a fit of the full heat capacity below the peak by γLTT + βLTT 3

law, and the yellow line is a fit of C4 f heat capacity below 7 K by
γ T + DT 3ln(T/Tsf ) law. Inset: Full heat capacity.

ciated with βHT as βHT = 12π4/5nR
�3

D
is �D = 413 K. From a

comparison with the specific heat of LuNiC2 [36], the main
part of the specific heat of YbNiC2 below 40 K stems from 4 f
contribution as in the case of RNiC2 with R = Ho, Er, Dy [51].
It may be attributed to the Schottky part of (2J + 1)-multiplet
split in the crystal field.

The temperature dependence of the specific heat exhibits
an anomaly with a maximum at T ≈ 16 K. The size of the
jump is equal to 2.35 J/mol-K, which is significantly smaller
in comparison with the theoretical jump even for amplitude-
modulated magnetic transition structure and the experimental
specific- heat jumps at Neel temperature for YbCoC2 [29],
HoNiC2 and ErNiC2 [51].

The low-temperature part of the specific heat (T < 13 K)
could be well fitted with γLT = 33(2) mJ/mol-K2 and βLT =
1.31(3) mJ/mol-K4 (Debye temperature �D = 181 K).

On the Cp/T versus T 2 dependence below 4 K, the upturn
is observed (see Fig. 5). This upturn is not observed on tem-
perature dependence of Cp (see the inset of Fig. 5). From this,
we can conclude that the nature of this rise is not related to the
long-range magnetic order of the magnetic moments of Yb.
The similar upturn was observed recently in Yb2AlSi2 [52].
The upturn could be explained on the basis of the paramagnon
model for the spin-fluctuation compounds [53,54].

The evolution of the anomaly at the specific heat versus
external magnetic field was studied for the fields in the range
0–9 T (see Fig. 6). The temperature position and specific-heat
jump of the anomaly are weakly dependent on the magnetic
field. The entropy associated with the anomaly also remains
almost unchanged. The Sommerfeld coefficient is slightly re-
duced for H � 6 T and is equal to γHT = 146 mJ/mol-K2 at
H = 9 T, which points to the independence of the electronic
density of states (DOS) on the magnetic field.

FIG. 6. Temperature dependence of the heat capacity of YbNiC2

at different magnetic fields H = 0 − 9 T and P = 0 GPa.

To study the possible occurrence of magnetic transition
in YbNiC2, we have measured powder neutron diffraction
patterns at T = 1.3–100 K, paying attention to the behavior
below 20 K. The refinement of the diffraction pattern ob-
tained at T = 100 K confirmed that YbNiC2 crystallizes in the
orthorhombic CeNiC2-type crystal structure. The refinement
also revealed the presence of about 5 wt.% of YbO [55,56].
However, we did not find additional magnetic satellites on the
low-temperature patterns, while the intensities of the nuclear
peaks were approximately temperature independent.

To search for a possible long-period magnetic order with
a periodicity larger than what can be resolved by means of
thermal NPD, i.e., the modulated magnetic structure with
a period above 30 Å, we have used SANS. Neutron wave-
length was set to 4 Å, with sample-to-detector distances
of 2, 6.8, and 18.2 m, respectively. The scattering function
S(Q) of YbNiC2 was thus recorded for the 4.5 × 10−3 <

Q < 3.3 × 10−1 Å−1 momentum transfer range (Fig. 7). The
small Q part of S(Q) follows a Porod law, characteristic of
smooth (nuclear and magnetic) interfaces. At the largest Q,
S(Q) is best described using a Lorentzian shape, suggesting

FIG. 7. Ambient-pressure small-angle scattering function S(Q)
of YbNiC2 at T = 5 K (black points). The red (blue) lines are fits of
Porod (Lorentzian) functions to the data, as described in the text.
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FIG. 8. The temperature dependence of the specific-heat jump

CP/T of YbNiC2 at high pressures measured in Toroid high-
pressure cell. Inset: The CP/T jump versus pressure.

short-range ferromagnetic fluctuations, with a correlation
length not exceeding ≈11 Å.

The absence of magnetic Bragg scattering in the SANS and
NPD data gives us reason to assume the absence of long-range
magnetic ordering at ambient pressure in YbNiC2. However,
the possibility of the existence of a low value of the magnetic
moment of Yb ions, which are in an intermediate valent state
and screened by Kondo effects, requires additional studies of
the possibility of the appearance of a long-range magnetic
order at low temperatures sufficient to convince its existence.

Based on the presented results, we conclude that the
anomaly observed on the temperature dependence of the spe-
cific heat is not connected with a magnetic order in the single-
phase YbNiC2. We assume that the anomaly is due to a sharp
valence change that occurs near the temperature Tv = 16 K.
This assumption is confirmed by the high-pressure properties
and ab initio calculations. A discussion of the premises that
led us to this conclusion will be given in the Sec. VI.

IV. HIGH-PRESSURE PROPERTIES

To study the specific-heat anomaly and the influence of
high pressure in detail, we have performed the specific-heat
and resistance measurements.

For the pressures in the range 0–4.5 GPa, the temperature
position of the specific-heat anomaly changes non monoton-
ically with pressure. A weak increase of the temperature of
this anomaly is observed for P < 2.5 GPa, after which it
decreases down to 15.5 K at P = 4.5 GPa. The specific-heat
jump 
CP/T and entropy associated with the anomaly in-
crease linearly with pressure (Fig. 8).

The measurements of specific heat up to 9.5 GPa are
performed with Bridgman anvils for the generation of high
pressure (Fig. 9). At 4 GPa the shape and the position of the
specific-heat anomaly agree well with that found in Toroid-
cell measurements (Fig. 8). However, at 7.2 GPa the anomaly
has a higher temperature shoulder and can be regarded as
having a two-peak structure. One can consider a shoulder

FIG. 9. The temperature dependence of specific heat of YbNiC2

at high pressures measured in Bridgman anvils.

(higher temperature peak with small amplitude) at T ≈ 13 K
as a signature of the same transition which manifests itself
at T ≈ 15 K and 4 GPa. The amplitude and position of the
second (main) peak at T ≈ 7.5 K are nearly pressure indepen-
dent between 7.2 and 9.5 GPa. Note that the shoulder becomes
hardly visible at 8.2 GPa and is absent at 9.5 GPa. This picture,
consistent with another transition, is distinct from that found
at ambient and moderate pressures within the intermediate
region between ≈7 and 8 GPa where two low-temperature
phases coexist.

The heat-capacity jump 
CP associated with the anomaly
at P = 9.5 GPa is about 2.5 times larger than the jump at
P = 4 GPa. Comparing it with the jump at P = 0 GPa with
the help of results of the specific-heat measurements in Toroid
high-pressure cell gives the value 
CP ≈ 13.2 J/mol-K at
P = 9.5 GPa. The value could be compared with theoretical
assessments of the specific-heat jump at long-range mag-
netic transition with amplitude modulation (AM) 
CAM =
13.4 J/mol-K and equal amplitudes (EM) 
CEM = 20.2
J/mol-K magnetic moments structures [57]. The value of

CAM is comparable with the experimental specific-heat
jump, which suggests a pressure-induced magnetic ordering
taking place at PC ≈ 7.5 GPa.

Additional measurements of specific heat were performed
down to 0.4 K at 4, 8.2, and 9.5 GPa. The upturn of C/T
below 4 K clearly visible at ambient pressure (Fig. 5) becomes
even more pronounced at 4 GPa, but practically disappears
at 8.2 and 9.5 GPa when a new peak at 7.5 K appears. One
may suppose that the spin fluctuations in YbNiC2 at ambient
and moderate pressures are related to the precursor of ordered
magnetic phase above 8 GPa.

The electrical resistance in the pressure range 4–9 GPa
below room temperature retains a metallic character [see
Fig. 10(c)]. For P � 5 GPa, the metallic character is con-
served down to 40 K where the increase of resistance due
to the Kondo scattering begins to dominate [see the inset
of Fig. 10(a)]. The resistivity maximum temperature Tmax

is weakly pressure dependent up to 10 GPa [see inset of
Fig. 10(a)], but the logarithmic contribution to the resistance
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FIG. 10. (a) Temperature dependence of the resistivity for P = 1.1 − 4.7 GPa measured in Toroid high-pressure cell. The inset: Resistance
maximum temperature versus pressure. (b) Temperature dependence of the derivative of the resistance for P = 4 − 18.5 GPa. (c) Temperature
dependence of the resistance for P = 5 − 18.5 GPa measured in diamond anvil high-pressure cell. (d) The low temperature part of the resistance
for P = 5 − 15.6 GPa.

is decreased with pressure. Above 13.4 GPa, the Kondo-like
behavior is not observed.

Above 5 GPa there is a hump in the temperature depen-
dence of the resistance. The hump shape implies the CDW
formation found in many RNiC2 compounds. The CDW tran-
sition temperature TCDW determined from the high tempera-
ture onset is increased with pressure from 190 K at P = 5 GPa
to 208 K at P = 11.2 GPa. In the range of pressures
11.2–24.3 GPa, the onset of TCDW is practically pressure in-
dependent. The R(T ) dependencies obtained at cooling and
warming exhibit a hysteresis with 
T ≈ 10 K in the region of
TCDW. Similar hystereses at CDW transitions were observed in
other RNiC2 compounds (where R = Y, Lu, Gd, Tb). It can be
related to incommensurate-commensurate CDW transition.

Above 13.4 GPa the resistance increases with temperature
lowering below room temperature [see Fig. 10(c)]. Such be-
havior could be attributed to the existence of one more CDW
transition above room temperature. From the dependence of
TCDW versus the unit cell volume of RNiC2 series presented in
[35], it can be assumed that the CDW in YbNiC2 is formed
at T HT

CDW ≈ 410 K. T HT
CDW affected by pressure and the gap

formation during the CDW transition could give a contribution
to the resistance.

The low-temperature decrease of the resistance above
7 GPa has a sharper shape in comparison with the decrease
at lower pressure below Tmax [(see Figs. 10(a), 10(c) and
10(d)]. The sharp decrease is similar to the one observed at
magnetic transition in other RNiC2 compounds. This state-

ment can be confirmed by a comparison of the results of
numerical differentiation of R(T ) obtained at different pres-
sures [see Fig. 10(b)]. For example, dR(T )/dT obtained at 4
and 6.2 GPa passes through zero at Tmax near 15 K and has
the maximum slope just below Tmax. The temperature where
this maximum slope of dR(T )/dT is observed correlates well
with the transition temperature obtained from thermodynamic
measurements (specific heat). At 11.2, 15.6, and 18.5 GPa,
the shape of dR(T )/dT changes. The maximum slope of
these dependencies is close to the peak values of dR/dT and
again, these points correlate with the transition temperatures
determined from specific heat. The higher the pressure the
better the shape of dR(T )/dT resembles the λ-shape of C(T )
dependence near the magnetic transition.

V. AB INITIO CALCULATIONS

A. Method

Our ab initio simulations of electronic properties of
YbNiC2 were based on the density functional theory (DFT)
with local density approximation (LDA) for the exchange-
correlation potential. We used the relativistic APW + lo
method with the spin-orbit coupling (SOC) included in a sec-
ond variational step, as implemented in the Wien2k package
[58]. The muffin-tin radii of Yb, Ni, and C were set to 2.50,
1.93, and 1.25 a.u., respectively. Our chosen convergence
factor RminKmax = 7.5 corresponded to the plane-wave cut-off
parameter of about 500 eV. This, together with the reciprocal

235139-6



PRESSURE INFLUENCE ON THE VALENCE AND … PHYSICAL REVIEW B 103, 235139 (2021)

FIG. 11. DMFT-calculated total (dashed blue lines) and 4 f -
projected (pink lines) DOS for YbNiC2 (a) in comparison with
YbCoC2 (b). The Fermi energy (the vertical line) is set to zero. Insets:
The enlarged parts of DOS near the Fermi energy.

space resolution of 2π × 0.03 Å−1 employed to sample the
Brillouin zone ensured the total energy convergence of about
10−7 eV. The calculations were made at experimental lattice
constants found in this work. Starting from the experimental
atomic positions, we did the geometry relaxation until the
residual atomic forces were converged down to 5 meV/Å.
The 4 f electrons of Yb were explicitly treated as valent and
as such were allowed to be not completely localized and
hybridize with itinerant states.

To treat the electronic correlation effects more adequately,
we employed the combination of DFT-LDA [58] and dynam-
ical mean field theory (DMFT) [59,60] as implemented in
the eDMFT package [61–63]. The continuous-time quantum
Monte Carlo (QMC-DMFT) impurity solver [64] was em-
ployed. Our main DFT + DMFT calculations were performed
at 300 K, that is, for the paramagnetic state of YbNiC2. The
correlations in the 4 f - and 3d-electron shells were taken into
account. Similar calculations for YbCoC2 were also made for
comparison. Getting ahead, we mention that the additional
allowance for correlated 3d electrons did not reveal any essen-
tial difference from the case of correlated 4 f electrons alone.

B. Results

Figures 11(a) and 11(b) present the DOS for YbNiC2

and YbCoC2, respectively, calculated within the DFT +
DMFT approach. The Yb-4f and total (=4 f + spd) DOSs
are shown. For both compounds, the total DOS in the en-
ergy range of interest is dominated mainly by the 4 f and d
(= 3d + 5d) states, the latter predominantly originating from
the transition-metal 3d shell. As is seen in the figures, the two

compounds are metallic and the Fermi energy, EF, is at a local
minimum near a very steep slope of the high 4 f peak.

Our estimate for the total DOS (dashed blue lines in
Fig. 11) at the Fermi level, N (EF), provides 9.6 st./eV for
YbNiC2 and a more than twice as low value of 4.5 st./eV for
YbCoC2, while for the 4 f contribution (pink lines) we obtain
N4 f (EF) = 8.5 and 2.6 st./eV, respectively. However, the ra-
tio of the conduction spd-electron contributions (denoted as
c-DOS) for YbNiC2 and YbCoC2 is opposite: Nc(EF) deter-
mined as N (EF) − N4 f (EF) is equal to 1.1 and 1.9 st./eV, cor-
respondingly. Note that due to the proximity of the 4 f peak,
N (EF) is very sensitive to the calculation accuracy and small
variations of parameters, so this estimate is only indicative.

Comparison of the dashed blue lines in Figs. 11(a) and
11(b) shows that in the case of YbCoC2, there is an appre-
ciable c-DOS around the Fermi energy, which implies strong
hybridization of the partially filled 4 f shell with conduc-
tion electrons (predominantly of d character). The c-DOS
of YbNiC2, on the other hand, primarily contributed by the
more filled (and hence lower-lying and more localized) Ni-3d
shell, is mainly concentrated below–1 eV and therefore, the
f -c hybridization is less significant for the near-EF states that
govern the electronic properties of metals.

We did several computation runs at different pressures and
temperatures. In all these cases the two compounds remain
metallic. At normal conditions (P ≈ 0, T = 300 K), the evalu-
ated number of Yb-4 f electrons is equal to 13.06 for YbCoC2

and 13.15 for YbNiC2, that is, the Yb ions in both compounds
are in an intermediate-valent state with a valence of 2.94 and
2.85, respectively. This difference of almost 0.1 electron is
responsible for different electronic and magnetic properties of
the two compounds. In YbCoC2, the Yb ions are closer to
the Yb3+ state, which, in particular, favors the formation of
magnetic order even at normal pressure, as has been shown in
our previous paper [29].

Calculations show that at elevated pressures, the Yb va-
lence in YbNiC2 increases to 2.86 at 13 GPa and 2.88 at
37 GPa. This could be intuitively explained by an enhance-
ment in the overlap integrals as the atoms approach each
other on compression. A similar trend is observed at normal
pressure with increasing temperature: the Yb valence is equal
to 2.83, 2.85 and 2.86 at 100, 300, and 1000 K, respectively.
This can also be expected due to an increase in the hopping of
itinerant charge carriers on heating.

Thus, on compression, the Yb valence in YbNiC2 tends
to that of YbCoC2 with its higher f -d bare hybridization
responsible for normal-pressure magnetism. This is entirely
consistent with our experimental observation (see Sec. IV)
that magnetic ordering in YbNiC2 appears only at high
pressure.

The band structure (more exactly, the electronic spec-
tral function) and the corresponding FS topology calculated
within DFT + DMFT are shown in Figs. 12 and 13 for
YbNiC2 and YbCoC2, correspondingly. In the case of
YbCoC2, the near-EF states (predominantly of Co-3d charac-
ter) form the complex band structure and FS. Some spectral
weight incoherence near EF can be seen in Fig. 13. For
YbNiC2 with its low-lying Ni-3d states, only two well-defined
quasiparticle bands related to the two spin channels of SOC
cross the Fermi energy.
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FIG. 12. DMFT-calculated band structure along high-symmetry k path (left) and FS (right) of YbNiC2 at T = 300 K. The FS was generated
using the XCRYSDEN software [65].

Accordingly, the FS of YbNiC2 is quite simple in shape
(Fig. 12). It consists of two quasi-1D-type low-curvature
sheets open in the �SY (kx, ky) plane and connected by nearly
2D cylindrical necks parallel to the �Z (kz) direction. On the
contrary, the complex FS of isostructural YbCoC2 formed by
several bands is typical of 3D metal. Comparison of the two
FS also implies a lower (and more anisotropic) conductivity of
YbNiC2 than that of YbCoC2. This anisotropy of conductivity
parallel and perpendicular to the kz direction can be detected
in single crystals.

Remarkably, the FS of YbNiC2 is characterized by
parallel nearly flat pieces that could be partially nested
with appropriate q-vectors, thereby enabling the CDW
formation. This confirms qualitatively our experimental ob-
servation of the CDW transition in YbNiC2 presented
above.

VI. DISCUSSION OF THE RESULTS

We have studied experimentally and theoretically YbNiC2,
which is a novel compound displaying the interplay between

valence fluctuations, CDW, magnetic, and Kondo interactions.
The experimental data and ab initio calculations of YbNiC2

underline the importance of the c − f hybridization, the topol-
ogy of the FS, and the valence-lattice and electron-phonon
interactions. Our experimental findings are summarized in the
P − T phase diagram shown in Fig. 14.

Data at atmospheric pressure indicate that in YbNiC2, the
Kondo lattice is formed. At Tv = 16 K (at 0 GPa) there is an
anomaly on the temperature dependence of the specific heat
which we assign to an abrupt valence transition (crossover)
from approximately three-valent to the intermediate valent
state of Yb accompanied with enhanced spin fluctuations. Tv

decreases with increasing pressure. For P > Pc ≈ 7 GPa, a
stabilization of 3+ valent state of Yb is observed when the
valence transition is suppressed. The intermediate valence
state at ambient pressure and the stabilization of nearly 3+
valent state at high pressure are confirmed by the ab initio
calculations.

A decrease of the Kondo temperature and interaction
strength J between conduction and f electrons with pressure
lead to the formation of the magnetic state at Tm ≈ 11 K. The

FIG. 13. DMFT-calculated band structure (left) and the FS (right) of YbCoC2 at T = 300 K.
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FIG. 14. The P − T phase diagram of YbNiC2. Yellow region
(PM), paramagnetic state with Yb3+; blue region (V-F), valence-
fluctuating state of Yb ions with enhanced spin-fluctuations; magenta
region (AFM), antiferromagnetic Yb; gray region (?), a possible
coexistence of V-F and AFM phases; orange points (TCDW), CDW
transition temperature (the orange line is a guide to the eye). Gray
squares, red circles, and blue and green triangles are the tempera-
tures of anomalies deduced from the measurements of resistance and
specific heat.

magnetic transition temperature Tm slightly increases with
external pressure as it should be for the magnetic transition
temperature in Yb-based HF compounds in the case of a
significant concurrency between Kondo and magnetic interac-
tions [7,66–68]. The increase of Tm may be connected with the
stabilization of the three-valent magnetic state of Yb. We ar-
gue that in the compound the ratio R = TRKKY/TK close to the
critical ration Rcr such that for R > Rcr the magnetic order is
observed. This is confirmed by the weak pressure dependence
of Tmax ∝ TK below Pc and its slight increase above Pc [69] as
shown on the inset of Fig. 10(a). However, it should be noted
that the value of Tmax can also be influenced by the crystal field
effects and RKKY interaction. The pressure changes the value
of R from below Rcr at P < Pc to above Rcr at higher pressure.

In YbNiC2 the CDW transition was observed at T ≈ 185 K
at P = 5 GPa and above. It is nearby the incommensurate-
commensurate transition. At high pressure there is also a
possibility for another CDW transition at T > 300 K. The
CDW formation is qualitatively confirmed by the quasi-1D
shape of the FS which consists of two large parallel nearly flat
sheets that can be partially nested.

The comparison of our ab initio results for YbNiC2

with isostructural YbCoC2 revealed a significant difference
between these two compounds. In YbCoC2 there is an ap-
preciable density of conduction-electron states near the Fermi
energy, which are hybridized with a delocalized part of 4 f
states also situated in this energy range. In YbNiC2, the
transition-metal 3d shell is more filled and hence the 3d
electrons are deeper in energy and more localized. This means
that, compared to YbCoC2, they are less involved in con-
ductivity and indirect RKKY exchange. That is because the
strength of the RKKY interaction strongly depends on the
susceptibility of conduction electrons located near Fermi level

[70]. The shape of the calculated FS implies a low and highly
anisotropic conductivity of YbNiC2.

It should be noted that the obtained phase diagram (Fig. 14)
usually observed for Eu-based intermetallic systems while
Ce- and Yb-based systems often have a quantum critical
point [71–73] with a possible occurrence of a superconducting
dome. The range of Eu-based compounds undergoes sharp va-
lence transitions. In these compounds the Eu valence change
dramatically in comparison with the most Ce- and Yb-based
compounds in the same temperature region [74,75]. Usually,
the FOVT transition is observed in such systems [76,77].
The phase diagram of YbNiC2 also has a form similar to the
well-known YbInCu4 compound mentioned in Sec. I.

Some details of transition near Pc remain unresolved. From
the available experimental measurements, it can be assumed
that the magnetic transition is of first-order type (see Fig. 14).
A similar situation was analyzed in Ref. [10], where it was
shown that the enhanced valence fluctuations can suppress the
magnetic order at T ≈ 0 K. This can lead to the first-order
magnetic transitions in some HF compounds. However, for the
YbNiC2 compound, elucidation of the type of magnetic tran-
sition requires additional measurements at high pressure by
various methods, such as neutron spectroscopy, or local probe
techniques, such as Muon spin spectroscopy, Mossbauer spec-
troscopy, time differential perturbed angular correlation under
high pressure. The type of magnetism in YbNiC2 at high pres-
sure also remains unclear. CeNiC2 and YbCoC2 are known
to order antiferromagnetically at ambient pressure [29,78].
ErNiC2 and TmNiC2 which also order antiferromagnetically
have the transitions temperatures which approximately corre-
spond to that in YbNiC2 at Pc [39]. On the other hand, as it
was shown in Ref. [79], the NC compounds could prefer the
FM order in Kondo lattices due to the existence of an extended
s-wave RKKY interaction.

At the present time the value of Yb valence in YbNiC2 is
determined only from the ab initio calculations. It is known
that valence determined in such a way presents a good as-
sessment [80,81], but we were not able to detect Yb valence
transition in our calculations. The temperature and pressure
dependence of Yb valence requires additional studies. In
the future, we plan to study the pressure dependence of Yb
valence in YbNiC2 in detail by means of x-ray absorption
techniques [82] which will allow us to understand the micro-
scopic nature of unusual behavior in the compound and the
region of coexistence of V-F and AFM phases (the gray region
in Fig. 14).
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