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1.  Introduction

The peculiar physical properties of compounds based on rare-
earth elements with unstable valence such as Ce, Eu and Yb, 
resulting in different phenomena such as valence fluctuations, 
spin fluctuations, the Kondo effect, heavy-fermion behavior 
and superconductivity, have attracted sustained interest in con-
densed matter physics in recent decades [1, 2]. The phenome-
nological description of these properties has been distinguished 
for Ce- and Yb-compounds between integer-valent Kondo- or 
intermediate-valent systems with properties resulting from 
a quantum mixing of two valence states induced by the 
hybridization between localized 4f electrons and conduction 
electrons [3, 4]. For mixed-valent Eu systems the properties 
were described as due to thermal fluctuations between two 
integer-valent Eu2+ and Eu3+ states with drastically different 
properties resulting from their 4f-configurations: 4f 7 with a  
J = S = 7/2 magnetic state for Eu2+, providing a model system 
for pure spin magnetism, and the formally non-magnetic Eu3+ 
with a 4f 6 configuration, resulting in a non-magnetic J = 0 

ground state, modified by the higher multiplett states with J = 
1, 2, 3… populated by temperature and the Boltzmann factors 
according to their energy position above J = 0 [5].

Recent studies, however, also evidenced similarities 
between the properties of Ce-/Yb-systems and mixed-valent 
Eu systems. Optical conductivity [6], angle resolved pho-
toemission [7] and x-ray magnetic circular dichroism studies 
[8] of EuNi2P2, a well-known and often investigated homog-
enously mixed-valent system, suggest that the hybridization 
between 4f and conduction electrons, which is responsible 
for the properties of Ce and Yb-systems, also plays an 
important role in mixed-valent Eu-systems. Similar conclu-
sions were drawn in a recent study of Eu(Rh1 − xIrx)2Si2 [9]. 
Very recent studies of electronic and magnetic properties of 
EuNi2P2 revealed a heavy-fermion state based on the Kondo 
effect similarly to the prototypical heavy-fermion compound 
CeRu2Si2 [10].

Valence fluctuations might be of relevance for pressure-
induced superconductivity, since Tc values as high as 30 K 
were recently observed in EuFe2As2 at pressures in the 
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vicinity of the onset of the Eu valence transition [11, 12]. This 
is an important aspect, since valence fluctuations appear in 
classical heavy-fermion systems [13], and Ce-valence fluctua-
tions are considered to be responsible for high-pressure super-
conductivity in the classical heavy-fermion system CeCu2Si2 
and related compounds with ThCr2Si2 structure. In this struc-
ture, superconductivity has also been observed in the closely 
related phosphide LaRu2P2 [14] and theoretically predicted 
in SrRh2P2 and related compounds by appropriate doping 
[15]. Therefore the investigated system, EuNi2P2, is of actual 
interest, because by application of pressure the Eu valence, 
and therefore modifications of the conduction band by 4f elec-
tron transfer and 4f-hybridization, may induce electronic vari-
ations resulting in superconductivity.

Here we present the results of pressure dependent struc-
tural and electrical resistivity studies of the homogeneously 
mixed-valent EuNi2P2, which is unique among the mixed-
valent Eu-compounds since the Eu valence is only weakly 
temperature dependent and remains close to 2.5, even at low 
temperatures instead of approaching 3. Therefore valence 
fluctuations in EuNi2P2 are significant even at cryogenic tem-
peratures [16] as well as at elevated pressures [17].

2.  Experimental methods

The polycrystalline sample of EuNi2P2 was prepared by 
solid-state reaction at ambient pressure by using high purity 
Eu (99.99%), Ni (99.999%) and P (99.99%) powders. The 
powders were thoroughly mixed in stoichiometric amounts 
and cold pressed into pellets. Then the pellets were sealed 
in an evacuated quartz tube and heated at a temperature of 
900 °C for 24 h. This heat treatment was repeated at 1050 °C 
with intermediate grinding for better homogeneity. The syn-
thesized sample was characterized by a laboratory x-ray dif-
fraction technique. All diffraction peaks perfectly match the 
tetragonal ThCr2Si2 crystal structure of space group I4/mmm, 
the resulting lattice parameters a = 3.941 Å and c = 9.477 Å are 
very close to previous results [18, 19].

For the high pressure studies diamond anvil cells (DAC) 
equipped with diamonds with a 500 µm culet were used. The 
angle-dispersive x-ray diffraction studies were performed 
at room temperature at the beamline 01C2 of the National 
Synchrotron Radiation Research Centre (NSRRC, Taiwan, 
wavelength 0.564 Å) and at the beamline ID09 of the European 
Synchrotron Radiation Facility (ESRF, France, wavelength 
0.4145 Å). For these studies, tungsten gaskets preindented 
to ~35 µm thickness were used. The powdered sample was 
loaded in a sample chamber of ~180 µm diameter with sili-
cone oil as a pressure transmitting medium.

The pressure dependence of the electrical resistance 
between 4 and 300 K and up to 31 GPa was measured by the 
dc current van der Pauw technique (with a current of 32 µA) 
in a DAC equipped with a spring to ensure pressure stability 
against the temperature-driven contraction of the cell upon 
cooling [20, 21]. For insulating against the metallic gasket, a 
mixture of cubic BN with epoxy was used. The electrical leads 
were cut from a 5 µm thick Pt foil. The sample chamber had 

a diameter of 150 µm and an initial thickness of 50 µm. The 
sample was loaded without a pressure transmitting medium. 
In both sets of experiments, the pressure was determined by 
the ruby luminescence method.

3.  Results and discussion

3.1.  XRD studies of EuNi2P2

X-ray diffraction (XRD) patterns of EuNi2P2 recorded at dif-
ferent pressures at room temperature are shown in figure 1. 
Up to the highest pressure the sample can be indexed with 
the ThCr2Si2-type structure. Lattice parameters at the lowest 
pressures are in agreement with the values at ambient pres-
sure [18, 19]. As can be seen in figure 2, the lattice parameters 
and unit cell volume are reduced smoothly with increasing 
pressure, with no evidence of a structural phase transition 
as observed in the several Eu-transition metal pnictides with 
ThCr2Si2-type structure [22–25]. The reason is that EuNi2P2 
is already in the so-called collapsed tetragonal (CT) phase, 
which is obtained in other isostructural EuT2X2 compounds 
(with T = Co, Fe and X = P, As [18]) under application of high 
pressure with first or second-order phase transitions as exem-
plified for EuFe2As2 and EuCo2As2 [24, 25]. These phase 
transitions are approached by quite an unusual variation of 
the a- and c-axes, here an increase of the a-axis under pres-
sure, reflected also in a strong decrease of the c/a ratio with 
pressure. This c/a ratio is around 3.0 for the normal tetragonal 
phase at ambient pressure, e.g. for EuFe2As2, EuCo2P2 and 
EuFe2P2 at 3.10, 3.01, and 2.94, respectively [22, 23]). In 
the CT phase, the c/a ratios are markedly smaller, below 2.5 
for the above compounds at high pressure. EuNi2P2 has with  
c/a = 2.408 an even smaller ratio, which corresponds to a P-P 
distance along the c-axis of 2.37 Å. This is in the range of a 
P-P single bond [18, 19, 26], whereas much longer P-P dis-
tances in other Eu-T-pnictides (e. g. 3.27 Å in EuCo2P2 [19]) 
imply essentially no P-P bonding along the c-axis.

Figure 1.  X-ray diffraction patterns of EuNi2P2 at different 
pressures. The pattern collected at 44.3 GPa is indexed with 
tetragonal ThCr2Si2-type structure, as indicated by the indexes 
above the calculated reflection positions.
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The ThCr2Si2-type structure of EuNi2P2 appears to be stable 
over the whole studied pressure range similarly to the stability 
of the CT phase in related compounds up to very high pres-
sures [24, 25]. The c/a ratio remains essentially unchanged 
throughout the studied pressure range up to 45 GPa, see inset 
(i) in figure 2. Thus, the crystalline lattice of EuNi2P2 shrinks 
quite uniformly, similar to the behavior observed in the high 
pressure CT phases of the other related compounds [22–25]. 
A fit of the Birch-Murnaghan equation-of-state to the experi-
mental pressure-volume data, see inset (ii) of figure 2, reveals 
for EuNi2P2 a bulk modulus and its pressure derivative values 
B0 = 147.9(3.1).GPa and B0′ = 3.4(0.5). These values compare 
well with available data for a collapsed tetragonal phase of 
Eu-transition metal pnictides, e.g. B0 = 134.0(1.6).GPa and 
B0′ = 3.3(0.2) for EuFe2As2 [24], and B0 = 111.0(2.0).GPa and 
B0′ = 3.06 for EuCo2As2 [25].

3.2.  High pressure resistivity studies of EuNi2P2

The temperature dependence (4 K < T < 300 K) of the elec-
trical resistivity ρ(T) of EuNi2P2 for different pressures up 
to 31 GPa is shown in figure  3(a). There is no evidence of 
a superconducting transition above 4 K in the whole studied 
pressure range.

Our data at the lowest pressure are in good qualitative 
agreement with published resistivity data at ambient pres-
sure [6, 27]. Upon cooling at 0.4 GPa the resistivity first 
increases slightly, then passes through a broad maximum 
around 150 K followed by a rapid decrease towards low tem-
peratures. At low temperatures a Fermi-liquid behavior with 
a T2-dependence of resistivity is observed over a significant 
temperature range up to 30 K (figure 3(b)), also in agreement 
with the recent data on EuNi2P2 single crystals at ambient 

pressure, exhibiting characteristic differences for different 
crystal orientations [6, 10].

Such S-shaped ρ(T) curves observed in EuNi2P2 at low 
pressures are typical for Eu-based valence fluctuating sys-
tems [27, 28]. Qualitatively this resistivity anomaly can be 
described by a dynamic alloy model [29]. The mixed-valent 
Eu-system can be considered as an alloy containing Eu2+ and 
Eu3+ ions with corresponding occupation probabilities p2 and 
p3. At each temperature the minority Eu-ions are described as 
‘impurities’ producing an elastic Coulomb scattering potential 
for the conduction electrons. This scattering potential is not 
static but fluctuates due to the fact that the Eu-ions are fluc-
tuating between two valence states. The scattering potential 
does not explicitly depend on temperature but indirectly by 
the temperature variation of mean valence (occupation prob-
abilities p2 and p3). Thus, the largest scattering of the conduc-
tion electrons arises at a temperature where the system shows 
the steepest valence change, which gives rise to a resistivity 
maximum [29, 30].

With increasing pressure, the maximum in the resistivity 
curve shifts towards higher temperatures and tends to be 
smeared out, so above 7.5 GPa the resistivity increases mono-
tonically with temperature up to 300 K, although an anomalous 
curvature of the ρ(T) dependence with indication of saturation 
at higher temperatures is still observable at pressures up to 
16 GPa. At pressures above 20 GPa, the ρ(T) dependence of 
EuNi2P2 is characteristic of a normal metal. Note that there 
are only minor differences between ρ(T) curves at 24 and 
31 GPa, which can be attributed solely to the volume reduc-
tion under compression. Thus there is strong evidence that Eu 
is in the trivalent state at pressures above 24 GPa, also from 
comparison with the resistivity curve EuNi2Si2, where Eu is 
trivalent [27]. This pressure seems to be sufficient for a full 
transition into the trivalent state. These arguments are further 
supported by a high-pressure Mössbauer study of EuNi2P2, 
where at 4.2 K Eu valence changes from 2.55 at ambient pres-
sure already to 2.8 at 9.5 GPa [17].

The low temperature resistivity of EuNi2P2 at all pressures 
exhibits a Fermi-liquid behavior according to ρ(T) = ρ0 + AT2 
(figure 3(b)). The value of A decreases strongly with increasing 
pressures up to 7 GPa and then approaches small values at 
higher pressures (figure 3(c)). Similar high-pressure behavior 
was reported for heavy-fermion compounds when applica-
tion of pressure increases the hybridization between f–states 
and conduction bands causing the strong increase of Kondo-
temperature TK and the change of ρ(T) dependence indicating 
a crossover to an intermediate-valence state [31, 32].

The overall pressure behavior of the ρ(T) dependence in 
EuNi2P2 remarkably closely resembles the resistivity behavior 
in CeCu2Si2 at pressures above 8 GPa, here above the second 
superconducting dome [32]. The pressure phase diagram of 
this archetypical heavy-fermion compound (and its structural 
relatives CeCu2Ge2 and CeCu2(Si1 − xGex)2 [32–34]) reveals 
the existence of two distinct domes of different supercon-
ducting phases. The one low pressure is close to an antifer-
romagnetic quantum critical point and superconductivity 
is induced by magnetically mediated electron pairing. The 
second dome at higher pressures coincides with a first-order 

Figure 2.  Pressure dependence of lattice parameters of the 
tetragonal unit cell of EuNi2P2. Inset (i) shows the c/a ratio, 
remaining near unchanged around the value 2.408(0.003) over 
the studied pressure range. Inset (ii) shows the fit of the Birch-
Murnaghan equation of state to the experimental pressure-volume 
data with B = 147.9 GPa and B0′ = 3.4. The error bars of the lattice 
parameters are smaller than the symbols size.
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isostructural phase transition with a weak volume collapse 
[33, 35] indicating a transition into the intermediate-valence 
state. Superconductivity in this phase is supposed to be driven 
by critical Ce-valence fluctuations [33, 36–38]. EuNi2P2 as 
a strongly mixed-valent and non-magnetic system with CT 
structure is obviously beyond the region of a critical valence 
transition and therefore superconductivity is not observed. It 
is worth noting that in the intensively studied family of iso-
structural iron pnictides, AFe2As2 (A = Ba, Sr, Ca), the pres-
sure induced non-magnetic CT structure is believed to be 
non-superconducting [39]. Thus the similarity between the 
high-pressure behavior of resistivity in EuNi2P2 and the arche-
typical heavy-fermion compound CeCu2Si2 implies that heavy-
fermion or Kondo behavior might be expected in related Eu 
compounds. So, the heavy-fermion state based on the Kondo 
effect in EuNi2P2 reported very recently [10] also shows 
similarities with the prototypical heavy-fermion compound 
CeRu2Si2. Our present results on the high-pressure behavior 
of EuNi2P2 provide further similarities between the properties 
of Ce-based systems and mixed-valent Eu-systems. Further 
insight can be achieved by the substitution of Ni by earlier 
transition elements (Fe, Co) or of P by more electronegative 
atoms as supposed in recent optical and photoemission studies 
of EuNi2P2 [6, 7]. Indeed, evidence for dense Kondo behavior 

in EuFe2P2 has been recently reported [40] and therewith one 
might expect the observation of superconductivity under pres-
sure to be analogous to the closely related BaNi2(Ge1 − xPx)2 
system [41], where the transition to the collapsed phase above 
x = 0.5 obviously induced superconductivity with Tc = 2.9 K at  
x = 0.8 and Tc = 2.5 K for BaNi2P2 [41]. We will proceed with 
our investigations in these directions.

4.  Conclusions

Structural properties and electrical resistivity of homogeneous 
mixed-valent EuNi2P2 have been studied at pressures up to 
45 GPa. The tetragonal structure of EuNi2P2 is stable in the 
whole pressure range and the overall pressure behavior of the 
structural parameters is similar to that of related compounds 
in the collapsed tetragonal ThCr2Si2-type structure. Electrical 
resistivity measured up to 31 GPa at temperatures between 4 
and 300 K exhibits continuous changes from the behavior typ-
ical for a mixed-valent Eu system to that of a normal metallic 
system at pressures above 20 GPa indicating a transition of 
the strongly mixed-valent Eu atoms with an initial valence of 
~2.5 towards a pure trivalent state. No superconductivity was 
observed in the whole studied pressure-temperature range.

Figure 3.  (a) The ρ(T) isobars of EuNi2P2 at different pressures denoted on the right. (b) Plot of the low-temperature resistivity versus T2 
at selected pressures, exemplifying the Fermi-liquid behavior. The straight lines represent fits of ρ(T) = ρ0 + AT2 to the data. (c) Plot of the 
pressure variation of the A coefficient derived from these fits.
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