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Abstract. We show that K-edge X-ray absorption spectroscopy can be used as a sensitive
probe of electron correlations in V203. This is possible thanks to a detailed study of the V
K pre-edge region while changing the thermodynamic parameters of the system. LDA+DMFT
provides an interpretation of the changes in the electronic structure, in particular in the upper
Hubbard band, at the Mott transition. The possibility of modifying the Coulomb interaction and
observing the metal-insulator transition by applying an external pressure is also demonstrated,
which is of particular interest for the study of many strongly correlated materials.

1. Introduction

Understanding phase transitions induced by strong electron correlations represents one of the
major challenges in condensed matter physics[l]. Phenomena presenting great interest both
from point of view of basic science and of their potential technological applications, like metal-
insulator transitions and high temperature superconductivity, are typical examples of effects
determined by collective electronic excitations. Despite their importance and decades of intensive
theoretical and experimental research, our understanding of these effects is nevertheless far from
complete. On the theoretical side, the development of dynamical mean field theory (DMFT)
[2] provided a powerful conceptual approach to interpret these phenomena, and a considerable
effort is currently under way to apply it to real materials in combination with other numerical
methods like Local Density Approximation (LDA). On the experimental side, one of the main
challenges for the study of strongly correlated materials is the development of techniques giving
access to the electronic structure of these system while tuning different parameters (temperature,
doping, pressure, etc.) across their often complicated thermodynamic phase diagram[3].
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In this work we present the results of a collaborative effort which establishes a bridge between
these two directions of research in the physics of strongly correlated systems, and show that
K-edge X-ray Absorption Spectroscopy (XAS) can be a very sensitive method to measure
electron correlation effects. With respect to L-edge XAS, routinely used to study transition
metal oxides, K-edge spectroscopy presents a less complicated multiplet structure in the spectra,
thanks to the simple 1s symmetry of the core hole; furthermore, it makes it possible to perform
measurements while applying an external pressure, since hard X-rays have a good transmission
through diamond anvil cells: this is critically important for the study of strongly correlated
materials, because it discloses the possibility of changing one more very important parameter -
pressure - while exploring the phase diagram of the system.

As a showcase, we present the analysis of the V. K-edge in (V;_,Cr;)203. In the phase
diagram of this system (see inset in Fig. 1), an isostructural transition can be found between a
paramagnetic insulating (PI) and a paramagnetic metallic (PM) phase [4, 5], which has been for
a long time considered as a poster child of Mott transition, determined only by the balance
between kinetic energy of the electrons () and their Coulomb interaction (U). Varying ¢
with respect to U determines the transition between two phases that have the same corundum
structure, but present a difference in conductivity of seven orders of magnitude. This PI/PM
transition has been the subject of many theoretical [6, 7, 8,9, 10, 11, 12, 13] and experimental
[14, 15, 16, 17, 18, 19, 20] studies for decades: here we show that V K-edge XAS compared
with LDA4+DMFT calculations can shine new light on the interpretation of this long standing
problem.

2. Experimental details

The results presented here were obtained on powders prepared from high quality (Vi_,Cr;)203
(x = 0.011) crystals. The metal-insulator transition was obtained either changing the
temperature, during an experimental run on the ID-26 beamline at the ESRF, or applying
an external pressure, during the measurements performed at the ODE beamline at SOLEIL.

The XAS spectra on ID-26 were acquired in partial fluorescence yield (PFY) mode, to take
advantage of the narrow photon bandwidth (160 meV) of the X-ray beam, dispersed with a
cryogenically cooled Si(311) double-crystal monochromator. The PFY mode made it possible
to obtain high energy resolution spectra, detecting the V-Ka (2p — 1s) line while the incident
beam was swept across the absorption edge. The V-Ka fluorescence line was measured with
a IXS Rowland-circle spectrometer equipped with a Ge(331) spherically bent analyzer with a
radius of 0.86 m.

The PFY mode was instead not applicable during the measurements under pressure, due to
the strong absorption of the diamond anvil cells used to apply high pressure on the specimens; the
experiments at ODE were thus performed in transmission mode, with a reduced energy resolution
but allowing the simultaneous collection of a wide spectral range thanks to the dispersive optical
setup of the beamline. Pressure was applied by means of composite anvils made of perforated
diamond capped with a 500 pgm thin diamond anvil, using silicon oil as transmitting medium.
The applied pressure was measured using the standard ruby fluorescence technique.

3. Theoretical approach

The strong electronic correlation between the d-electrons of the V' atoms, which - as it is widely
known - is responsible for the occurrence of the Metal-Insulator Mott-Hubbard transition in
V203, makes the Local Density Functional (LDA)[21] schemes inadequate for describing the
physics of this compound in an energy window of some eVs around the Fermi level Frp. A
theoretical calculation of the electronic structure of V2Og, i.e., of the spectral functions to be
compared with the experiments, has hence no chance to be successful without a proper inclusion
of the electron-electron interaction. At present one of the most powerful techniques to achieve
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Figure 1. The PM-PI transition in (Vi_,Cr;)203 (z = 0.011) as observed with V K edge
XAS.

this goal is DMFT|[2]. In DMFT, the original (and extremely complicated) interacting lattice
problem is mapped onto a self-consistent impurity problem, where an exact treatment (e.g..
via Hirsh-Fye Quantum Monte Carlo) of the most important part of the Coulomb interaction,
namely the local one (U), becomes possible.

In order to analyze spectral functions corresponding to processes involving the d-orbitals in
V303, as it is the case for the photoemission spectra close to Er or the V-K —pre-edge XAS
spectra, one has to implement the LDA results for the corresponding orbitals with the DMFT
algorithm, in the so-called LDA+DMFT scheme (LDA will be instead sufficient, far from Ep,
in the region where processes involving p—orbitals are dominant). The LDA4+DMFT scheme
has been already proved to work extremely well to understand the photoemission spectra in this
compound|[7, 9, 10], and it will be applied here for analyzing the XAS spectra in the pre-edge
region. In this regard, an important difference should be pointed out: in contrast to the case
of the photoemission spectra, in the case of XAS excitonic effects due to the formation of the
core-hole in the measuring process prevent the direct observation of what would correspond to
the “coherent part” of the spectrum in photoemission. On the other hand, the “incoherent-part”
of the spectrum (represented by the so-called “upper Hubbard band”, UHB) can be determined
with an high degree of accuracy. This allows the evaluation of important parameters of the
systems, e.g. the Hund coupling constant J, for which, so far, only very gross theoretical
predictions were available.

4. Results and discussion
In Fig. 1 we present typical examples of V K-edge XAS spectra on (Vi_,Cr;)203, in agreement
with previous studies [22, 23, 24]: in particular, these spectra were taken on a (z = 0.011)
powder at 300 K (PI phase) and 200 K (PM phase). The possibility of observing the small but
clearly detectable difference between the two phases is at the basis of our efforts: since the PM
and PI phases have the same crystal structure, the difference PM-PI plotted in Fig. 1 shows
that our probe is sufficiently sensitive to detect differences in the electronic structure which are
mainly due to the effects of electron correlations.

As one can see, the differences are more visible in certain regions of the spectrum, namely
the pre-edge (peaks A, B and region C), on the onset (D) and when the plateau of the main
edge (E) is reached; at energies higher than E, the two spectra are virtually indistinguishible.
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Figure 2. The V K pre-edge region compared to LDA+DMFT calculations. In the inset, the
comparison of the whole edge with simple LDA results.

On the basis of previous work, [22, 23] the appearance of other features before peak A has been
subject of debate: after extensive and repeated measurements, we were never able to detect
any feature before peak A for neither the PM nor the PI phase. The main edge (including
features D and E) corresponds to 1s — 4p dipolar transitions, while in the pre-edge region
1s — 3d quadrupolar transition play a major role: since the physics of the phase transitions in
V503 is mainly determined by V 3d electrons, the pre-edge presents a special interest for our
investigations. At the same time, the interpretation of XAS spectra in this region turns out to
be especially difficult using conventional approaches.

In Fig. 2 (inset) we present the direct comparison between one of our experimental XAS
spectra and the theoretical simulation obtained with the LDA based WIEN2k code: as one
can see, if auto-absorption effects are taken into account, the agreement is quite satisfactory on
the main edge where, consistently with previous work [24] the position of all main features is
correctly reproduced. Concerning the pre-edge, instead, none of the main features (A, B and
C) can be found as the result of LDA calculations, which cannot capture the rearrangement of
the electronic levels caused by strong correlations.

A good agreement can be instead successfully achieved using a LDA4+DMFT approach: in
particular, it can be seen that peaks A and B are the spectroscopic signature of the split UHB.
We fix the electron-electron interaction energy U to a value of 5 eV and fit the shape of the XAS
pre-edge. This turns out to be a powerful method to determine the value of the Hund’s coupling
J, which in a Kanamori Hamiltonian description determines the splitting of the UHB. In Fig.
2 we show the detail of the experimental pre-edge compared with LDA+DMFT calculations
for various values of J: as one can see, the energy difference between peaks A and B (about
1.7 eV) allowed us to set an upper limit of 0.7 eV for J, which is lower that what has been
usually assumed in previous studies. Further improvements can be envisioned for our DMFT
calculations, like the use of pairs of V atoms [25] rather than a single site: but with our results
we can already confirm that, as already shown for other transition metal oxides [26, 27, 28], pre-
K edge XAS represents a powerful method to extract information on the incoherent electronic
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Figure 3. Differences of the V K edge XAS spectra between the PM and PI phases of
(V1_4Cry;)203 for transitions induced by temperature (blue triangles) and pressure (red circles).

states of strongly correlated materials. Furthermore, if one compares the PM and PI phases in
Fig. 1, one can also observe that no other features are present for the PM phase before peak A,
meaning that the quasiparticle states close to the Fermi energy do not give a XAS spectroscopic
signal, due to the effects of the core hole which disrupt the coherent density of states.

We have thus demonstrated that K-edge XAS, interpreted by means of LDA+DMFT
calculations, makes it possible to describe the UHB of V2Og3. As such, it can represent a powerful
method to follow the evolution of the electronic structure over the whole phase diagram of this
prototype material. In particular, the possibility of performing XAS measurements applying an
external pressure represents an important tool for the study of electron-electron correlations:
in fact, applying an external pressure represents a way of modifying them in a controlled way,
by slightly reducing the interatomic distances and consequently increasing the wavefunction
overlap.

The feasibility of this study is shown in Fig. 3, where the Mott transition in V203 is induced
both by applying external pressure or varying the temperature. The spectroscopic differences
between PM and PI are presented: in particular, the curve corresponding to the T induced
transition is the same as the one presented in Fig. 1, in the spectral region where the most
interesting features (A-E) are present. As explained before, the curve obtained under pressure
was taken with poorer experimental resolution, so that the differences are less pronounced.
Nevertheless, we can clearly see that applying an external pressure we can observe the same
main changes due to the PM-PI phase transition, showing the strength of this method for
the study of strongly correlated systems. Along with the overall similarity, it is precisely the
study of the small differences (in particular in the spectral regions A and B) between these two
curves which represents an interesting but also challenging problem. A more extensive set of
measurements under pressure, performed with improved energy resolution, allowed us to explore
the whole phase diagram while changing Cr doping level, temperature and pressure[29], thus
providing deeper insight into the mechanisms governing the Mott transition in this protoype
system.
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5. Conclusion

We showed that K-edge XAS can be successfully employed to study correlation-driven phase
transitions. LDA+DMFT was employed to interpret the differences in the V pre K-edge
of vanadium sesquioxide at its isostructural PM-PI transition. Thanks to this combined
experimental and theoretical effort, a more precise description was obtained of the split upper
Hubbard band of this material, and a quantitative value was determined for its Hund coupling
constant. The possibility of inducing the same transition under external pressure was also
demontrated, offering the opportunity for more detailed studies over the whole (P,T) phase
diagram which can be of great interest for our understanding of strongly correlated systems.
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