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@ Revisiting Bond Breaking and Making in EuCo,P,: Where are the
Electrons?
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Abstract: X-ray absorption spectroscopy (XAS) was used
to elucidate changes in the electronic structure caused by
the pressure-induced structural collapse in EuCo,P,. The
spectral changes observed at the L;-edge of Eu and K-
edges of Co and P suggest electron density redistribution,
which contradicts the formal charges calculated from the
commonly used Zintl-Klemm concept. Quantum-chemical
calculations show that, despite the increase in the oxida-
tion state of Eu and the formation of a weak P—P bond in
the high-pressure phase, the electron transfer from the Eu
4f orbitals to the hybridized 5d and 6s states causes
strengthening of the Eu—P and P—P bonds. These changes
explain the increased electron density on P atoms, de-
duced from the P K-edge XAS spectra. This work shows
that the formal electron counting schemes do not provide
an adequate description of changes associated with phase
transitions in metallic systems with substantial mixing of
the electronic states.

/

In 1985, a seminal paper by Hoffmann and Zheng addressed
chemical aspects of structural phase transitions in ThCr,Si,-
type structures." It was proposed that breaking and making
the X—X bonds between the [T,X;] layers (X=group 13-16 ele-
ment; T=transition metal), separated by layers of alkali, alkali-
earth, or rare-earth metal atoms (A), correlate with the filling of
the transition metal d-band. Since then, such correlations have

been the focus of many studies on structural, electronic, and
magnetic phase transitions in this class of materials.””

The structural phase transitions in the ThCr,Si,-type materi-
als involve the collapse or expansion of the structure along the
tetragonal c-axis, parallel to the interlayer X—X bonds
(Figure 1). Although quite a few examples of such transitions
have been reported,”’ the direct experimental assessment of
changes in the electron density redistribution between the A
and [T,X;] layers upon the formation and breaking of the X—X
bonding interactions is largely lacking. Herein, we report the
use of X-ray absorption spectroscopy (XAS) and quantum-
chemical calculations to show that the changes in the electron
distribution caused by the pressure-induced structural collapse
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Figure 1. The normal and collapsed crystal structures of EuCo,P,, indicating
the formal oxidation states of the Eu sites.
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in EuCo,P, defy the formal electron-counting rules commonly
used for Zintl-like phases, including those that contain transi-
tion and rare-earth metals.”!

EuCo,P, undergoes a first-order transition, without the space
group change (/4/mmm), from the normal to the collapsed
ThCr,Si,-type structure at the critical pressure of 3.1 GPa at
room temperature.®’? The normal, low-pressure (LP) structure
features a long P—P separation of 3.27 A and Eu?*" oxidation
state, whereas the collapsed, high-pressure (HP) structure ex-
hibits a much shorter P—P distance of 2.51 A and Eu®' oxida-
tion state.®’** A traditional Zintl-Klemm electron counting ap-
proach® suggests the phosphorus oxidation state of —3 in the
LP-EuCo,P, (due to the octet rule and the lack of P—P bond-
ing), and thus the charge balance considerations lead to the
+ 2 oxidation state for cobalt. If one assumes the formation of
a P—P bond in the HP-EuCo,P, structure, the oxidation states
of P and Co become —2 and +0.5, respectively. This formal
treatment, however, hardly conveys the realistic physical pic-
ture in the metallic systems with strong covalent bonding,
where electronic states of different elements are strongly
mixed. When the difference in the electronegativity of T and X
elements becomes relatively small, the validity of the simple
charge distribution scheme becomes questionable. The elec-
tronegativity values for Co and P are 1.88 and 2.19, respective-
ly.”? Furthermore, the P—P distance of 2.51 A observed in the
HP-EuCo,P, structure® is still substantially longer than a typi-
cal P—P single bond (2.22 A),® and thus the assumption about
a pair of electrons being simply shared in the bond between
the P atoms is also debatable.

To probe directly the changes in the electron density distri-
bution of EuCo,P, upon the structural phase transition, we car-
ried out a pressure-dependent XAS study on this material,
which was synthesized as reported previously.”s The XAS ex-
periments were performed at the L;-edge of Eu and K-edges of
Co and P. The XAS measurement at the K-edge of phosphorus
using the diamond anvil cell (DAC) is not trivial, due to the rel-
atively low photon energy of the K-edge (=2.14 keV) that
causes high absorption of X-rays by the DAC. Therefore, a
dedicated HP setup was used,"” which consisted of a fully per-
forated front diamond anvil with a hole diameter of 100 pm
complemented by a 30-um thick diamond disk to limit the X-
ray absorption. The XAS signal was recorded as a fluorescence
spectrum in the back-scattering geometry."”
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We and others have previously demonstrated that above
the critical pressure of 3.1 GPa the LP-EuCo,P, phase trans-
forms into the HP-EuCo,P, phase, with the clear change in the
oxidation state of Eu,?“® which was also confirmed in the pres-
ent experiments by the dramatic change in the XAS spectra
observed at the Eu L;-edge (Figure 2a). Based on these spec-
tral changes, Eu undergoes a nearly complete conversion from
the +2 to +3 formal oxidation state. In contrast, the Co K-
edge spectra showed only minor changes under applied pres-
sure (Figure 2b). Some broadening of the absorption features
can be attributed to the increase in the metallic character of
the Co electronic states as the pressure increases.

The observation of the increase in the Eu oxidation state
and negligible spectral changes at the Co K-edge suggests
that the pressure-induced structural collapse results in electron
density redistribution from the Eu sites toward the P sites.
Indeed, a striking change was observed in the P K-edge XAS
spectra (Figure 2c). Above the critical pressure, the “white line”
shifted to substantially higher energies, whereas the higher-
energy part of the spectrum remained nearly unchanged. This
is in contrast to the Eu L;-edge, where the entire spectrum is
shifted to higher energies due to the depopulation of the 4f
orbitals and increased oxidation state. The character of the P
K-edge absorption involves 1s—np electronic excitations, and
thus the spectral changes observed suggest filling of phospho-
rus p-states, since the “white-line” excitations to the empty p-
states require higher energy (Figure S1 in Supporting Informa-
tion). The change in the occupation of the phosphorus 3p
states is also reflected in the decreased intensity of the “white
line” at higher pressure, confirming the lesser number of holes
in the 3p band in the collapsed HP phase. Similar changes in
the XANES spectra, caused by changes in the population of
the 3p band, have been observed at the sulfur K-edge for vari-
ous sulfide minerals.™ (A more detailed discussion of the
changes in the P K-edge spectra is also provided in the Sup-
porting Information.)

The observation of the increased electron density in the
phosphorus 3p band is in striking contradiction to the purport-
ed pressure-induced —3——2 change in the formal oxidation
state on the P atoms, suggesting that the charge distribution
scheme discussed above does not apply to the present
system. The increase in the filling of p-states, however, makes
sense, keeping in mind the increase in the Eu oxidation state
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Figure 2. Pressure-dependent XAS spectra of EuCo,P, collected at the Eu L;-edge (a), Co K-edge (b), and P K-edge (c).
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and only the minor changes in the Co K-edge spectra with
pressure.

In order to understand the nature of the observed changes
in the element-specific XAS spectra, we carried out quantum-
chemical calculations on the LP and HP structures of EuCo,P,.
The calculations were performed with LMTO" and VASP!"
computational packages, in order to ensure the reproducibility
of results with different electronic structure codes (Figure S2).

A simple computational check for the charges on individual
atoms is performing a Bader charge calculation."" Zero-flux
electron density surfaces are generated, creating atom-centred
regions. Integrating inside of these regions gives an approxi-
mate number of electrons associated with each atom, and
thus the atomic charge. The results of such calculations for
both the LP and HP structures, as well as the formal Zintl
charges, are shown in Table 1. Upon going from the LP to HP

Table 1. Bader and Zintl charges for the LP- and HP-EuCo,P,.

Bader charges Zintl charges

Normal (LP) Collapsed (HP) Normal (LP) Collapsed (HP)
Eu +1.13 +1.50 +2 +3
Co +0.04 —0.05 +2 +0.5
P —0.61 —0.70 -3 -2

structure, Eu experiences oxidation, as expected, although the
change is not as severe, suggesting involvement of the Eu 6s
and 5d orbitals. The Co and P, however, are both slightly re-
duced, by approximately the same amount. Importantly, the
Bader charge on the P atom in the HP phase is only around
—0.7, indicating a moderate extent of electron transfer from
the more electropositive atoms. This finding is reasonable,
given the relatively small electronegativity difference between
Co (1.88) and P (2.19).

The charges calculated for the Eu site deserve some further
discussion. They suggest that as the Eu atom is being oxidized,
more electrons become available for bonding. As seven of the
nine valence electrons in Eu*™ were treated as core f-orbitals,
only two electrons remained as truly valence states. In Eu®",
six electrons were placed in the core, with three valence elec-
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trons remaining. This means that in the LP-EuCo,P,, with the
calculated + 1.13 charge for Eu, 0.87 valence electrons are still
assigned to Eu, whereas in the HP-EuCo,P, the charge on Eu is
+1.50, meaning that each Eu atom has 1.50 valence electrons.
Such charge assignments are indirectly confirmed by XAS re-
sults. Due to the expected hybridization (bonding) between
the P 3p-states and Eu 5d-states, the large shift in the P K-
edge might indicate the filling of Eu valence states, whereas at
the Eu L;-edge this effect is “hidden” by the stronger Eu va-
lence transition.

To better understand how the re-distribution of electrons
upon the pressure-induced structural transition correlates with
changes in the chemical bonding in EuCo,P,, we calculated
Crystal Orbital Hamilton Population (COHP)™ for the five
shortest interatomic contacts, Eu—Co, Eu—P, Co—Co, Co—P, and
P—P. The COHP curves (Figure 3) illustrate an energy-resolved
bonding scheme, with positive and negative values represent-
ing bonding and antibonding states, respectively. As expected,
the P—P contacts show a large increase in bonding when
going from the normal to collapsed structure. Additionally, the
Co—P curves are uniformly quite large. The Eu—Co and Eu—P
curves also show sizable bonding contributions.

Negative integrated COHP (-ICOHP) values were calculated
for all five contacts (Table 2) to ascertain the strength of the
various contacts and their change upon increasing the pres-
sure. The experimental bond lengths are also shown for refer-
ence. They correlate well with the calculated -ICOHP values,
which reveal significant strengthening of the P—P bond and
slight weakening of the Co—P and Co—Co bonds. Perhaps, the
most interesting result is the strengthening of the Eu—Co and
Eu—P bonding in the collapsed HP structure. The -ICOHP value
for the Eu—P interaction is nearly as large as that for the P—P
contact, that is, both Eu—P and P—P bonds are substantially
strengthened in the HP structure as compared to the LP struc-
ture of EuCo,P,. Given the relative increase in the number of
valence electrons on the Eu sites (see above), the increase in
the Eu—Co and Eu—P bond strengths can be attributed to a
greater filling of these bonding states.

Our findings suggest that the traditional use of formal
charges to interpret the nature of the structural phase transi-
tion in EuCo,P, is inappropriate. A physically more reasonable
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Figure 3. COHP curves for the Eu—Co, Eu—P, Co—Co, Co—P, and P—P interatomic contacts in the LP (solid line) and HP (dashed line) structures of EuCo,P..
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Table 2. Negative integrated COHP values for the five interatomic con-
tacts in EuCo,P,. Experimental bond lengths are also shown for reference.

—ICOHP [eVbond™] Bond lengths [A]

LP HP LP HP
Eu—Co 042 0.64 333 3.09
Eu—P 0.84 1.26 312 3.01
Co—Co 0.87 046 265 273
Co—P 3.87 2.78 218 223
P—P 0.13 1.48 327 2.57

picture is offered by considering the delocalized nature of elec-
trons (band structure) in this material. The calculation of the
Bader charges and the strength of chemical bonding, while
being semi-quantitative due to treating the Eu 4f-electrons as
quasi-core, does reveal that the bonding in this compound has
much larger contributions from covalent and metallic effects.
This leads to the electron transfer from Eu core level into the
Eu—P and P—P bonding, thus resulting in the slight reduction
of phosphorus, in reversal to what would be expected from
the use of the Zintl-Klemm electron counting scheme. Impor-
tantly, our theoretical treatment provides a satisfactory explan-
ation to the pressure-induced changes observed in the experi-
mental XAS spectra of EuCo,P,. Thus, while the Zintl-Klemm
concept frequently serves as a useful guide, one should re-
member that it is not a reflection of the true electronic struc-
ture and charge distribution; the conclusions drawn from this
concept can be misleading when applied to metallic materials,
such as EuCo,P,, with strongly mixed electronic states.

Finally, we should point out that EuCo,As, also undergoes a
pressure-induced structural collapse with the critical pressure
of ~4.5 GPa at room temperature."® In this compound, how-
ever, the change in the Eu oxidation state is not as drastic® as
seen in the case of EuCo,P,. We carried out XAS measurements
on the L;-edge of Eu and K-edges of Co and As and observed
the same spectral changes as seen in EuCo,P,, albeit to a lesser
extent (Figure S3). The theoretical treatment of EuCo,As, is
complicated by the homogeneous mixed valence in the HP
phase,® but based on the similarity of spectral changes one
can expect the same tendencies toward pressure-induced re-
distribution of electron density as those observed in EuCo,P,.

Experimental Section

X-ray absorption spectroscopy: A phase-pure sample of EuCo,P,
was synthesized as reported previously.”’ The XAS measurements
were performed at the ESRF ID12 beamline (European Synchrotron
Research Facility, France). A dedicated high-pressure diamond anvil
cell (DAC) with a He gas-driven membrane optimized for the
tender X-ray range has been used."” The DAC consisted of an
asymmetric diamond anvil configuration, in which a fully perforat-
ed diamond, with a culet diameter of 600 pm, an opening angle of
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small pellet of pressed powder was loaded inside the cell, and He
gas was used as the pressure-transmitting medium. The pressure
was measured in situ using the luminescence of a ruby chip.

For the P K-edge, the X-ray source was the first harmonic of
HELIOS-II-type helical undulator (HU-52), whereas for the Eu L;-
edge and Co K-edge it was the first harmonic of the APPLE-II type
helical undulator (HU-38) in pure helical mode. The advantage of
using helical mode is that the content of the higher order harmon-
ics is strongly reduced, since only the fundamental harmonic is
emitted on the undulator axis. The X-ray beam was monochromat-
ized using a fixed-exit double-crystal monochromator equipped
with a pair of Si(111) crystals. As focal system, sets of 2D parabolic
Be lenses were used, with the possibility to focus the beam typical-
ly to 3(v) x30(h) um even at the energies as low as 2.1 keV where a
single lens was sufficient. The X-ray fluorescence signal from the
sample was collected in the back-scattering geometry, through the
thin diamond window, using an energy-resolved Si drift detector.
All spectra have been corrected for re-absorption effects.

Quantum-chemical calculations: Non-spin polarized total ener-
gies, density of state (DOS) curves, crystal orbital Hamilton popula-
tion (COHP) curves, and Bader charges were calculated for EuCo,P,.
COHP curves were calculated using the Stuttgart TB-LMTO-ASA
method,"? whereas the Bader charges were calculated using the
Vienna ab initio Simulation Package (VASP)'® and the Bader pro-
gram.'"” The DOS curves were calculated using both methods for
comparison. Additional relativistic PY LMTO calculations were per-
formed (results are provided in the Supporting Information, Fig-
ures S3 and S4) to verify the downfolding of the 4f electrons in
Eu."® Atomic positions were taken from the experimentally deter-
mined crystal structures. PAW-PBE pseudopotentials were used for
all elements for the VASP calculations, while Eu_2 and Eu_3 being
used in the expanded and collapsed structures, respectively. Eu 4f
electrons were treated as core for all calculations. Further compu-
tational details can be found in the Supporting Information.
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