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Investigation of the vanadium L,3;-edge x-ray absorption spectrum of SrVQ; using configuration
interaction calculations: Multiplet, valence, and crystal-field effects
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Configuration interaction cluster calculations have been performed to investigate the electronic structure of
orthorhombic distorted SrVO; compound, where a considerable tetragonal crystal-field splitting of larger than
180 meV for 1,, orbital levels is suggested for the good consistence between the simulated and the experimental
spectral line shape. This supports the crystal-field splitting scenario for the metal-insulator transition mechanism.
We further calculate V L,3-edge absorption spectra of vanadium oxides with similar VOg octahedral environment
for formal d electrons varying from 3d° to 3d3, where we obtain energy parameters representing the local ground-
state properties and provide the theoretical guidance for identifying the chemical valence and the crystal-field
strength of a particular vanadium oxide. Our simulated polarization-dependent spectra at different tetragonal
crystal-field values reveal a nonlinear orbital-lattice interaction. The orbital polarization P reflecting the electron
occupations in different d, and d,, orbital symmetries shows strong sensitivity to small tetragonal crystal
field, indicating the strongly correlated electron effect and further addressing the efficiency of strain engineering

in functional SVO-based thin films and heterostructures.
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I. INTRODUCTION

Vanadium-based strongly correlated systems show both
challenges for understanding the interplay of different degrees
of freedom that drives the metal-insulator transition (MIT) and
prospects for applications into next generation optoelectronic
devices [1]. StVO3 (SVO) compound, for instance, exhibits
potential applications as a bottom electrode with structural
and chemical compatible with other functional oxides [2]
and as a transparent conductor in the visible spectral range
[3]. SVO compound has an ideal cubic perovskite structure
with lattice constant of 3.843 A and the V#* cation adopts
a 3d! (tzlg) electronic configuration, which is often used
as a prototypical example to test density functional theory
plus dynamical mean-field theory (DFT+DMFT) calculations
[4-6]. Bulk SVO is regarded as a correlated metal due to its
anomalous effective-mass enhancement [7,8] and kick in the
band dispersion [9]. Beneficial from the tremendous progress
in the thin-film deposition techniques, SVO thin films have
also been investigated showing interesting emerged electronic
states. In particular, in situ angle-resolved photoemission
experiments yield evidence of metallic quantum well states for
SVO film with thickness less than ~10 monolayers [10-12].
More interestingly, SVO ultrathin films undergo MIT below
a critical film thickness, e.g., ~2—3 monolayers for SVO
deposited on SrTiOj3 substrate [10], and ~17 monolayers for
SVO deposited on (LaAlO3)g3(Sr,AlTaOg)o 7 substrate [13].
However, the underlying mechanisms for MIT are still under
debate. The observed MIT has been attributed to the reduction
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of bandwidth based on the in situ photoemission spectroscopy
measurement and were supported by the DMFT calculations
using the single-band Hubbard model [10]. In contrast, Zhong
et al. proposed the physical origin of the MIT as the lift
of orbital degeneracy in response to the crystal-field effect
based on DFT+DMFT calculations recently [14]. Recent
experiments based on detailed x-ray spectroscopical studies
have shown that an orthorhombic distortion of otherwise cubic
SVO yields an insulator [15]. It is highly desirable to settle
the controversies from a different approach which will be
addressed by configuration interaction (CI) cluster calculations
using the experimental V L,3-edge absorption spectrum of
orthorhombic SVO compound as fingerprint.

The MIT, on the other hand, is found to be strongly
affected by the chemical valence state in vanadium oxides
due to their complex phases and available multivalence states
[16-18]. Besides the typical mechanism such as the electron-
electron interaction and electron-lattice interaction as the
driving force for the MIT [19], various mechanisms have been
proposed for mixed-valence oxides, e.g., the charge ordering
proposed in interpreting the Verwey transition of mixed Fe>*"
and Fe*™ magnetite [20]; the stripe-type charge ordering
of coexisted Ni>* and Ni** in La,_,Sr,NiO; compound
[21]; the charge order between V** and V°* in NaV,Os
compound [22] and between V2T and V3 in BaV,(Os
[23], etc. Understanding and precise controlling of the tar-
geted chemical valence is vital for both device application
and fundamental research. Therefore, we perform CI based
spectroscopy studies of different vanadium valence states,
aiming for offering references for experimental synthesis
as well as understanding the extraordinarily important MIT
in correlated systems and the technical application utilizing
the MIT.
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In this paper, by using element-, local valence-, and orbital-
sensitive Ly3-edge x-ray absorption spectra as fingerprints, we
perform configuration interaction (CI) based cluster calcula-
tions for VOg octahedra with different formal d electrons.
In Sec. TA, we focus on the exploring of the multiplet
structures of SVO compound with a distorted orthorhombic
crystal structure. In Sec. IIB, we present the comparison
between theoretical and experimental spectra of vanadium
oxides with different chemical valence states, which is valuable
for compound synthesizing with targeted valence state and
for understanding the physical mechanism. In Sec. IIC, we
present the photon polarization dependent absorption spectra
with different tetragonal crystal fields for SVO compound.
The quantity orbital polarization P is defined to evaluate the
detailed orbital occupancies which can be used for a direct
comparison with experimental results and other calculations.
The polarization dependent study reveals the orbital-lattice
coupling of the SVO system and provides guidance for strain
engineering functional SVO-based thin films and heterostruc-
tures. Finally we present the conclusion.

II. RESULTS AND DISCUSSION

A. Metal-insulator transition mechanism

CI cluster calculation has been performed for a VOg cluster
with 3d' electronic configuration. Figure 1(a) shows the com-
parison between the experimental x-ray absorption spectrum
of the orthorhombic SVO compound reproduced from Sharma
et al. [15] and the simulated ones. The spectrum is composed
of a L3 and L, set of peaks owing to the spin-orbit coupling
of the V 2p levels. We note that the multiplet structures in
the absorption spectrum are different from VO, with the same
nominal valences [24], indicating the strong sensitivity to small
structural and electronic variations of the L,3-edge absorption
spectrum. Our cluster calculation with optimized parameters
can capture the features of the experimental spectrum well.
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FIG. 1. (a) Comparison between the experimental x-ray absorp-
tion spectrum and the simulated spectra for the orthorhombic SVO
compound. The V L,;-edge absorption spectra for SV**O is repro-
duced from Sharma et al. [15]. Two simulated absorption spectra
of respectively cubic O, and tetragonal Dy, symmetries with A,,, =
180 meV are shown for comparison. (b) Simulated absorption spectra
for a VOg 3d! cluster with different positive tetragonal crystal-field
splitting values, i.e., 30, 60, 90, 120, 150, 180, 240, 300, 360 meV
from top to bottom spectrum. Panel (c) shows the calculated spectra
with different negative tetragonal crystal-field splitting values, i.e.,
—30, —60, —90, —120, —150, —180, —240 meV.

TABLE 1. The best-fit energy parameters including the charge-
transfer energy A, the on-site d-d Coulomb repulsion U,,, and the d-p
hybridization energy pdo for vanadium oxides of different valence
states. Values from earlier CI based calculations are included for
comparison.

Valence da" A Ui pdo Reference
Vo+ d° 0.5 5.5 1.2 this work
\'%ass d! 2.0 4.5 1.5 this work
V3t d? 3.8 4.0 1.5 this work
\%2as d? 7.5 5.5 1.2 this work?®
V23+05 d° 0.5 5.5 2.7 Ref. [37]
SV4 0 metallic d' 2.0 5.0 1.9 Ref. [25]
CaV*t0; metallic d! 2.0 5.0 1.6 Ref. [25]
V40, d' 2.5 45 Ref. [24]
V3T0;, d> 40 40 1.73 Ref. [37]
LaV3+0, d? 4.0 4.0 2.02 Ref. [37]
LaV3+0, d? 3.8 42 1.5 Ref. [25]
YV, d? 3.8 42 1.5 Ref. [25]

“The energy parameters are taken from Saitoh ez al. [38].

The parameters including the charge-transfer energy A, the
on-site d-d Coulomb repulsion Uy, and the d- p hybridization
energy pdo are listed in Table I. We notice a clear reduction
of the hybridization strength pdo from a direct comparison
of the simulated energy parameters between insulating SVO
and metallic SVO [25], suggesting the reduction of bandwidth
crossing the MIT.

Figure 1(b) shows the simulated spectra for different pos-
itive tetragonal crystal-field values. The tetragonal crystal
field is modelled by two additional energy parameters to
represent further energy splitting, i.e., A,», and A,,, denoting
the energy splitting of t,, levels [An, = E(dy; ;) — E(dyy)]
and e, levels [A,; = E(d3;2—r2) — E(dx2—y2)], respectively.
For a thoughtful understanding of the experimental absorp-
tion spectrum, A, which effects the final-state properties,
should be considered [26]. We use A,, = 245, in the first
approximation, accounting for the anisotropic hybridization
strength between the e,-O p orbitals and the #,,-O p orbitals.
The simulated spectra at different tetragonal crystal fields and
the cubic one show differences mainly in the prepeak line
shape. We denote the three prepeaks as pj, pz, and p3 in
Fig. 1(b). The prepeak structure is fitted with three peaks
of Lorentzian line shapes where the intensities of peak p;
and p3 show a slight reduction, while the peak p, shows
a monotonous increase as A, increases. To maintain good
agreement with the spectral line shape of the orthorhombic
SVO compound, the crystal field splitting is quite appreciable,
i.e., Apg is larger than 180 meV. Figure 1(c) presents the
simulated spectra for negative A, and A, values, where we
observe a smaller difference in the isotropic spectra with a
reduction of peak p, intensity with A, varying from —30 to
—240 meV. This observation confirms the lower energy level
of d,, orbital for the ground-state properties and supports the
recent tetragonal crystal-field scenario accounting for the MIT
based on DFT+DMEFT calculations [14].
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B. Valence effects and crystal-field strength

The partially filled V-3d shell accompanied by a set of
valence states form a number of vanadium oxides which
differ widely in their physical and spectroscopic properties.
Among them there are four single valence states, i.e., Vot,
V4, V3+ and V2*. The former has completely empty 3d
states (3d°) and is nonmagnetic, while the latter three are
characterized by local spin and strong electronic correlations.
Precise understanding of the chemical valence or oxidization
states is highly valuable for not only fundamental research
but also the engineering of functional oxides. Therefore, we
perform CI cluster calculations to VOg octahedra with different
formal electron numbers which offers a direct guidance for
understanding the possible multivalence states of different
vanadium oxides.

Figure 2 shows the simulated spectra for vanadium oxide
with different valence states where we notice significant
changes of the spectra line shapes besides the shift to high
absorption energy with high valence. We note that due to the
layer-type structure with weak interlayer bonding of the V,0s5
compound, the high anisotropic coordination environment
around vanadium should be taken into account to understand
the multiplet structures, which however brings difficulties to
understanding the V Ly3-edge absorption spectrum using VOg
octahedron based on CI cluster calculations [29]. We have
not obtained the absorption spectra for VOg with V>* and
V?* oxidation states with a local octahedral symmetry from
the literature, to the best of our knowledge. The V L,3-edge
absorption spectra for Vg+03 and YV3T03; compounds are
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FIG. 2. Simulated spectra of different vanadium valence states
and the comparison to experimental x-ray absorption spectra for V3*
and V4*. The V L,;-edge absorption spectra for V3703 and YV3+ 0,
compounds are reproduced from Park et al. [27] and Benckiser et al.
[28]. The first excitation peak of the simulated spectrum for V3+
and V>* in a VOg octahedron is shifted to 522.5 and 513.5 eV,
respectively, i.e., the same binding energy as V,0s 2ps3,, [29] and
VO 2p3,; [30] obtained from x-ray photoelectron spectroscopy. All
simulated spectra shown here are calculated at 10Dg = 1.0 eV.
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FIG. 3. Simulated isotropic absorption spectra for different 10Dg
values for V3* with 3d° electronic configuration (a), V4 with 3d'
electronic configuration (b), V3* with 3d? electronic configuration
(c), and V2* with 3d? electronic configuration (d). In each panel, the
crystal-field splitting 10Dg varies from 0 to 2 eV with an interval of
0.2 eV from the bottom to the top spectrum.

reproduced from Park et al. [27] and Benckiser et al. [28],
respectively. Our simulated spectra show reasonably good
agreement with experimentally measured absorption spectra,
in terms of the capture of the overall line shapes and the
characteristic peaks for V3* and V*#*, as shown in Fig. 2. The
best-fit energy parameters are listed in Table 1.

In comparison of the best-fit energy parameters obtained
from CI calculations, a notable change is the decrease of
the charge-transfer energy A going from V>* to V>*, which
is due to the decrease of formal d electron number and a
lowering of the 3d orbitals. We further calculate the spectra
with different crystal-field strength 10Dg values while other
parameters keep the optimized ones as shown in Table L.
10Dgq reflects the charge potential of all other elements on
the V site and the magnitude of 10Dgq is related to the charge
on the metal ion as well as the local environment, which in
turn determines other physical properties, such as the low- or
high-spin magnetic structure [31], the optical properties [32],
etc. From a comparison of our simulated spectra as shown
in Fig. 3 to an accurately measured absorption spectrum, one
can obtain the 10Dg value, corresponding to the crystal-field
strength.

However, since the read-off energy differences between
h,-excited and e,-excited peaks in L3 and L, edges generally
are not directly equal to the 10Dg values [26,33], we provide
a quantitative analysis as shown in Fig. 4. Here, we focus on
the excitation peak of L3 edge, since the L, excitation peak
is additionally broadened by Coster-Kronig decay [34]. The
L3 and L, absorption edges split as 10Dg increases. For VOg
octahedron with 3d°, 3d", and 3d? electron configuration, we
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FIG. 4. The read-off energy difference between peak a; and a,
(a), peaks b; and b, (b), and peaks c; and ¢; (c), as a function of the
crystal-field strength 10Dg value. The grey dashed line denotes the
same magnitude between the peak splitting and the 10Dgq.
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use the energy difference between peaks a; and a,, peaks
by and b;, and peaks c¢; and ¢, to quantify the crystal-field
splitting strength, as shown in Fig. 4. The real energy difference
between the L3 set of peaks is obviously deviated from the
grey dashed line which represents the same magnitude between
energy splitting and crystal field 10Dg. The resolved energy
splitting is larger than the 10 Dg value, similar to the tendencies
reported in the Ti** system [33], Mn* system [35], and Fe**
system [36].

C. Crystal-field effects

Strain engineering has been proposed to tailor the electronic
properties efficiently, e.g., the strengthening of ferroelectric
properties [39,40], the enhancement of superconductivity tran-
sition temperature [41,42], and to produce exotic electronic
and magnetic states [43,44]. Strain induced by lattice mis-
match between thin film and substrate with different in-plane
lattice constants generally lower the crystal symmetry from
cubic Oy, to tetragonal Dyj,. Besides the isotropic spectra as
discussed previously, for compounds with different orbital
occupancies, the x-ray linear dichroism spectra with differ-
ent linear-polarized photons are very valuable due to the
advantage of providing formations of the oxidation states,
orbital occupations, and local symmetry of the probed metal
ion. We thus consider explicitly the above calculated VOgq
octahedron of the orthorhombic SVO compound with different
photon polarizations, for the purpose of understanding the
orbital-lattice interactions as well as quantifying the orbital
occupancies for a direct comparison with experimental results
and the theoretical values, e.g., the density of states obtained
from DFT.

Figure 5(a) shows simulated spectra at different A, and
A¢ values with light polarization parallel (E || ¢) and perpen-
dicular (E L c)to the crystal c axis. The strict dipole selection
rules allow a separation between two different types of orbitals,
i.e., the d, orbital with orientation perpendicular to the crystal
¢ axis and the d,; and d,, orbitals with orientations parallel to
the crystal ¢ axis. First, the simulated spectra show a strong
polarization dependency attributed to different symmetries and
occupations of the orbitals. The linear dichroric spectra are
shown in Figs. 5(b) and 5(c), where the normalized difference
shows a systematic increase in magnitude as the tetragonal
crystal-field splitting increases. Due to the anisotropic symme-
tries of 3d orbitals and the complicated multiplet effects, the
dichroic spectra show opposite signs for positive and negative
crystal fields, but cannot be interchanged by simply reversing
the sign with each other. Second, a clear spectral shift appears
with tetragonal crystal field. The spectral shift to lower energies
for E || ¢(E L c) corresponds to the lower of the d,, (dy., dy.)
and d,»_y» (d3;2—,2) orbitals, and vice versa.

To provide the orbital occupations quantitatively, sum-rule
analysis [45] is applied to the different linearly polarized
absorption spectra of V 3d' (t5,€9). We define the electron
polarization P following the equation used in LaTiO3 with the
same nominal 3d' electronic configuration [46] and P can be
expressed as

Nyxy — Nxz(yz
P = Yy (y )7
ley + nxz(yz)
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FIG. 5. (a) Calculated soft x-ray absorption spectra for a VOg 3d"
cluster with photon polarization parallel (E || ¢) and perpendicular
(E L c) to crystal c axis at different A,,, and A, values. The Ay,
values are shown beside the corresponding plot. (b),(c) Normalized
linear dichroic spectra, i.e. (XASg, .-XASg.)/[21, + I,)/3] for
negative and positive A,, A, values, respectively. (d) Calculated
orbital polarization P vs A,,.

where n,, and n,(, ) denote the number of electrons in orbitals
of xy and xz(yz) symmetries. The P values are calculated
by using the total number of electrons in 1, states, i.e.,
Niog = Nyy + Ny = 1, Tepresenting the d-p antibonding
bands near the Fermi level [47,48]. Figure 5(d) represents
the calculated orbital polarization P in the V t,, states versus
different crystal-field splitting values. The orbital polarizations
in positive and negative crystal fields show opposite signs,
representing the preferred electron occupation of respectively
dyy and d,,,) orbital level. Furthermore, a substantial orbital
polarization P larger than 50% is obtained in response to a
small crystal field, i.e., A;», = £30 meV, which we attribute
to the insulating nature of the compound. The behavior is quite
different from metallic LaNiOj; thin films and heterostructures
where a considerable bandwidth should be considered [47].
The strong sensitivity of orbital occupation to small tetragonal
crystal-field strength further suggests that strain can suppress
the orbital fluctuations in the system and can be used as an
efficient mean to tailor electronic structures. The observed
nearly complete orbital occupancy, i.e., more than 85% of the
electrons showing d,, orbital symmetry at A, = 180 meV
with P > 70%, indicates a strong electron correlation ef-
fect which shows consistency with the results suggested by
LDA+DMEFT calculation [14].

III. CONCLUSION

In summary, CI cluster calculations have been carried out
to understand the multiplet structures and local ground-state
properties of the orthorhombic distorted SVO compound.
The good consistency of the spectral line shape between the
simulated and experimental spectra suggests an appreciate
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tetragonal crystal-field splitting, i.e., A, not less than
180 meV, which supports the tetragonal crystal splitting sce-
nario as the underlying mechanism for the MIT. Motivated
by the synthesis difficulties in controlling the valence state of
vanadium oxides and the importance of identifying the chem-
ical valence in understanding the metal-insulator transition
mechanism, we compare the V Ly3-edge absorption spectra of
vanadium oxides with similar VOg octahedral environment for
formal d electrons from 3d° to 3d3. All the simulated spectra
show reasonable agreements with the experimental spectra.
We further provide simulations for different cubic crystal-field
splittings. A further comparison to a well-defined measured ab-
sorption spectrum can provide the actual crystal-field strength
which is valuable for engineering of functional vanadium
oxides. We finally show the absorption spectra with different
linearly polarized lights at different tetragonal crystal-field val-
ues. The quantitative analysis of orbital polarizations indicates

a nonlinear orbital-lattice coupling. The strong sensitivities of
orbital occupation to small tetragonal crystal field suggests
the efficiency of strain in tailoring the electronic properties,
which sheds light on technical applications of SVO-based thin
films and heterostructures. Our simulations show the powerful
feature of CI cluster calculation using a regular PC and its
potential in understanding the local ground-state properties.
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