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Relation between high-pressure spectroscopy and f"~'d! excited-state geometry:
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In this paper, we present the results of ab initio model potential embedded-cluster calculations of Sm>*
impurities in SrF, in order to study the behavior of the electronic transitions of the dopant ion under high
hydrostatic pressure. We find that the impurity-ligand bond length shortens upon f— d(e,) excitation and, as a
consequence, the f— d(e,) transition energy decreases with increasing applied pressure. On the other hand, the
bond lengths do not appreciably change upon f— f excitation and the energies of the f— f transitions are
almost constant with pressure. These trends are in agreement with spectroscopic measurements under pressure
in the title material, which gives credit to the computed bond length changes upon excitation, in contradiction
with the widespread assumption of bond length lengthening upon f— d excitations. Spectroscopic experiments
under high pressure are shown to be able to provide the sign of bond length changes in electronic transitions,

constituting a simpler alternative to difficult excited-state x-ray absorption fine structure experiments.
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I. INTRODUCTION

Recent ab initio studies of the structure and spectroscopy
of complexes of lanthanide and/or actinide ions have shown
that the bond length between the f element and the surround-
ing ligands shortens wupon the lowest f'— "~ !d!
excitations.!=> This result is quite general, as it has been ob-
tained for different halide ligands (F, Cl, Br), environments
(crystals, liquid solutions, gas phase), oxidation states of the
f element (111, IV), and number of f electrons."> However, it
is in contradiction with the widespread assumption that the
f*—f"'d" excitations lengthen the impurity-ligand bond
distance. A direct experimental proof of the sign of the dis-
tortion upon excitation could be obtained by means of
ground- and excited-state extended x-ray absorption fine
structure (EXAFS) measurements. However, this kind
of measurement is extremely demanding and, to our
knowledge, no successful experiments for the excited states
have been reported in the literature for f-element-doped sol-
ids or their complexes in liquid media.

As an alternative, it has been recently proposed that ex-
perimental spectroscopic studies under high hydrostatic pres-
sure could be used to indirectly prove or reject the predicted
bond length shortening upon the lowest f"— f*!d!
excitations,® because quantum chemical simulations of pres-
sure effects on Cs,NaYClg:(CeClg)*~, which included em-
bedding effects, scalar relativistic effects, and dynamical
electron correlation, have shown that the bond length short-
ening upon the f! —>d(t2g)1 excitation and the predicted red-
shift of the f' — d(r,,)" transition with pressure in this system
are related.’ The theoretical analyses®? lead to the conclusion
that the sign of the bond length change upon i — f excitation
determines the sign of the slope of the transition energy with
pressure:
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PACS number(s): 71.55.—i, 62.50.+p, 71.10.—w, 61.72.Bb

dAE,(i— f)

o =sign of AR, (i — f). (1)

sign of

As a consequence, the theoretically found sequence of bond
lengths in octahedral complexes,! R,[/"'d(t,,)'I=R,[/"]
=R,[f"'d(e,)"], should result in experimentally observable
decreasing f"— f""'d(t5,)", constant f"— f", and increasing
f'—f""'d(e,)! transition energies with increasing hydro-
static pressure.

All this indicates that important structural information
about the excited-state geometry can be inferred from mea-
surable pressure-induced shifts, which is complementary to
that obtained from the analyses of the transition band shapes
alone, since the latter depend on the square of the bond
length change.

It is therefore necessary to confirm or reject the theoreti-
cal predictions experimentally. It is also necessary to confirm
or reject that they hold in more complex systems than the 4/
open-shell Ce**-doped Cs,NaYCl,. Consequently, we take
these two objectives as the goals of this paper.

For these purposes, Sm>*-doped SrF, is a very suitable
material: On the one hand, the luminescence of SrFZ:szJr
has been measured as a function of pressure, up to 12 GPa,*
as a probe of pressure-induced phase transitions in the
host material. As a consequence, the sign of the slope
dAE,(i—f)/dP is known for some emissions, which have
been assigned to 4/%— 4/ and 4/°5d' — 4f° transitions. On
the other hand, 4/° Sm>*-doped SrF, has a much more com-
plicated electronic structure than Ce**-doped Cs,NaYClq and
gives rise to a large number of states in the f* and f"~'d'
manifolds with a large number of intrashell and intershell
electronic interactions which have to be properly described
in the calculations. Moreover, the different host provides
a change in coordination, from sixfold octahedral
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TABLE 1. Effects of high pressure on the potential-energy surfaces of the different electronic states of

StF,:Sm?*. Distances are in A, vibrational frequencies and energies are in cm™.

1

Lattice constant (a) 5.7960 5.7647 5.7334 5.6708 5.4825 5.1690
-AVIV 0 0.0162 0.0324 0.0648 0.1623 0.3246
Pressure I bar 1133 GPa  2.266 GPa  4.531 GPa  11.329 GPa  22.657 GPa
Sm-F equilibrium distances (R,)
40 7A2g 2.513 2.504 2.491 2.466 2.390 2.264
40 SEg 2.516 2.506 2.494 2.469 2.393 2.266
4f55d(eg)11 7T2u 2.498 2.489 2477 2.453 2.380 2.258
4f55d(t2g)16 7T1u 2.545 2.536 2.523 2.499 2.427 2.300
(5d"y? 2.526 2.517 2.505 2.481 2.408 2.283
Sm-F bond length change upon excitation (AR,)
4974, —4f°°E, 0.003 0.002 0.003 0.003 0.003 0.002
—>4f55d(eg)ll 7T2u -0.015 -0.015 -0.014 -0.013 -0.010 —-0.008
—>4f55d(t2g)16 7T1u 0.032 0.032 0.032 0.033 0.037 0.036
—(5d")® 0.013 0.013 0.014 0.015 0.018 0.019
Breathing mode vibrational frequencies (17[,1g)
475 7A2g 368 373 380 396 443 542
475 SEg 369 374 381 396 445 543
4f55d(eg)ll 7T2u 370 376 383 399 448 549
4155d(1,,)'6 T, 370 376 377 400 449 505
Adiabatic transitions (AE,)
4f87A,,—4f°°F, 16030 16050 16070 16110 16250 16610
—4f55d(e,)"17T,, 16080 16000 15880 15640 14950 13940
—4f55d(1,)'6 T, 31890 32110 32430 33070 35490 41250
—{5d")° 25560 25660 25810 26100 27280 30330

R (5d")=[2R,(1 'T,,)+3R(6 'T,,)]1/5.
PAR,("Ay,—(5d") =[2AR.(1 T,,)+3AR,(6 'T),)1/5.

CAE,("Ay,—(5d")=[2AE,("Ay,— 1T, )+3AE("A,,—6 T )1/5.

(Cs,NaYCly) to eightfold cubic (SrF,), that inverts the effect
of ligand field on the different electronic levels while keep-
ing a high symmetry environment that allows one to calcu-
late and draw potential-energy curves as a function of only
one geometrical variable for different values of the applied
external pressure. These curves cannot be easily drawn in
low symmetry systems, a fact that makes the direct analyses
of the bonding and its variation with pressure and electron
excitation more difficult.

The calculations reported in this paper show that the ex-
citation to the lowest-lying states of the 4/°5d(e,)' manifold,
4f°—4f°5d(e,)", shortens the Sm-F bond distance and this is
associated with a redshift of the 4/°—4/°5d(e,)" transition
energy with increasing pressure. This redshift has been, in
fact, observed experimentally.* They also show that transi-
tions to excited states of the 4f° manifold do not appreciably
change the bond distances so that 4f®—4f° transition ener-
gies virtually do not change with pressure. This result is
confirmed experimentally.* Altogether, the results and their
comparison with experimental data support the predicted
bond length changes and confirm that high hydrostatic pres-
sure spectroscopy is a technique valuable to give information
about the geometry of excited states of f-element-doped
ionic solids.

The paper is organized as follows: In Sec. II we present
the details of the calculations. In Sec. III, we present the
results and discussions. In Sec. IV, we present the conclu-
sions of the paper.

II. DETAILS OF THE CALCULATIONS

The effects of hydrostatic pressure on the local structure
and electronic transitions of the (SrFg)® defects in SrF, were
studied using the relativistic ab initio model potential
(AIMP) embedded-cluster method.>® More detailed descrip-
tions of the method as applied to f-element ions in ionic
crystals can be found in Ref. 7. To incorporate scalar relativ-
istic effects, we have used effective core potentials both for
Sm and F. For Sm, we have used the [Kr]-core spin-free
relativistic AIMP and the (14s10p10d8f) Gaussian valence
basis set of Ref. 8, augmented with a g function comprising
three primitive functions whose exponents were obtained by
maximum radial overlap with the Sm 4f orbitals. The final
contraction pattern was [6s5p6d4f1g]. For F, we have used
the [He]-core AIMP and the (5s6pld) valence basis set of
Ref. 2. In order to incorporate dynamic electron correlation
effects, complete active space self-consistent field
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calculations® followed by multistate second order perturba-
tion calculations (MS-CASPT2)'%!! were done on a total of
20 and 22 electronic states with dominant 4/ and 4f°5d"
electron configurations, respectively. The active space was
generated by all possible configurations in which the 6 open-
shell electrons occupy the 13 molecular orbitals of main
character Sm 4f, 5d, and 6s. Seventy-eight valence electrons
of the (SmFg)® cluster were correlated in the MS-CASPT2
step. These electrons occupy the molecular orbitals of main
character Sm 5s, 5p, 4f, 5d, 6s and F2s, 2p. Large and
uniform weights of the zeroth-order wave functions were ob-
tained for all states and distances studied here in the inter-
mediate single state CASPT2 calculations using an imagi-
nary shift of 0.20.'> The calculations presented here have
been performed using the MOLCAS program system.'?

The focus of this paper is on the trends of bond length
changes and transition energies with increasing pressure and
these trends have been shown to be very slightly affected by
spin-orbit on a recent work on Cs,NaYClg: U3* conducted in
our laboratory.'* Accordingly, all the numbers presented here
correspond to spin-free Hamiltonian calculations. A detailed
quantitative comparison of the absolute value of the calcu-
lated transition energies with experimentally determined
transitions is out of the focus of this paper and it would
require more demanding calculations with the inclusion of
spin-orbit effects.

The effects of pressure were modeled by using AIMP em-
bedding potentials produced in this work. The embedding
potentials corresponding to a certain lattice constant, which
are assigned to a given external pressure, were obtained
through self-consistent embedded ions calculations;® they al-
low one to incorporate quantum-mechanical interactions
with the host SrF, ions in the (SmFg)® cluster Hamiltonian.
The values of the lattice constants used are listed in Table I,
together with the corresponding —AV/V values. As the iso-
thermal compressibility of the material is x=1.43 kbar™!,"
the used lattice constants are expected to span a pressure
range of 1 bar—22.657 GPa, approximately. The actual em-
bedding potential is built by adding to the cluster Hamil-
tonian AIMP embedding potentials for 1656 ions, located in
a cube of length 5a, centered on the impurity, plus 4888
additional point charges representing further ions (located in
a cube of length 8a,). These ions bear the nominal ion
charge, except those located at the frontier, which bear frac-
tional charges according to Evjen’s method.'® All AIMP po-
tentials (both core and embedding) and basis sets are avail-
able in electronic format from the authors.!”

Sm?Z* ions substitute for Sr2* ions in the SrF, lattice, oc-
cupying sites of cubic symmetry [StF,(O;-F,,3,)]. We have
calculated the embedded-cluster energies of a total of 42
electronic states of the (SmFg)®~ cluster at different Sm-F
distances, for each lattice compression. We have studied 20
electronic states coming from the f® configuration, namely,
those related to the 'F ground-state term of the Sm>* ion and
some of the lowest-lying f® spin quintet states, especially
those coming from the °D state of the Sm?** ion. We have
also studied the 22 lowest-lying spin septet states belonging
to the f°d' electron configuration: Those related to the
4°(°H)5d(e,)!, 4f°(°F)5d(e,)!, and 4f°(°H)5d(ty,)" (the
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FIG. 1. Potential-energy curves of the different electronic states
of StF,:Sm”* as a function of Sm-F distance in the a, ¢ mode (see
text for details) at ambient pressure. Solid lines: 4f° configuration,
spin septet and quintet. Dotted lines: 4]‘55d(eg)1 configuration, spin
septet. Dashed lines: 4f55af(t2g)l configuration, spin septet.

eight lowest states) configurations of the Sm** ion. Plots of
the potential-energy curves for the different states at ambient
pressure can be found in Fig. 1. The results in Fig. 1 show
three sets of states belonging, respectively, to the f°, f°d(e,)",
and fsd(tzg)' electron configurations. All the states included
in a particular manifold share very similar equilibrium dis-
tances and a, < vibrational frequencies; this is true for all the
different pressures studied here. For convenience and clarity,
of all these states (42 in total), we will present only the
results for the f° lowest spin septet (7 A,,, ground state), f°
lowest spin quintet (°E,), f5d(eg)l lowest spin septet
(177,,), and fod(ty,)! Jowest spin septet (6 'T),), as repre-
sentatives of the different manifolds.

III. RESULTS AND DISCUSSION

For all 42 different electronic states mentioned above, we
have computed the equilibrium distances (R,), the shifts of
the bond length upon excitation [AR,(i—j)], totally sym-
metric vibrational frequencies (7, ay, ), and minimum-to-
minimum transition energies [AE (i— ])] We present the re-
sults for the selected representative states [47° 7Azg, 475 5E
41°5d(e,)'1 T, and 41°5d(15,)'6 T, ] in Table I and in
Figs. 2 and 3.

The results of Table I and Fig. 2 show a redshift of the
475 7A —>4f55d(e )| 7T2u transition with pressure (of
95.8 cm ~1/GPa). Experimentally, the positions of the zero-
phonon emission lines from the lowest 4j55d(e )! state and
the 4f° °D,, state to the 4/° "F, state have been determined.*
The linear fit to experimental data is represented by solid
lines in Fig. 2. The experiments predict a redshift of the
5d—4f band of some 149 cm™'/GPa. It is clear from the
figure that our calculated values reproduce the experimental

lu
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FIG. 2. Effects of pressure on the calcu-
lated minimum-to-minimum 4f° A2g—>4j‘6 E,
- (circles), 4f6 A,  —4r5d(e, )1 171,, (squares)
(diamonds)
transition energies. Dashed lines: Least-squares
linear fits to the calculated transitions. Solid lines:
h Least-squares linear fits to the experimentally ob-
tained data (see Ref. 4).

T T T T { T T T T { T(? T T T { T T T T { T T
3000 — —
//’5 7 S —
—~ 2000 — - 4f AZg - 4f Sd(tzg) 6T
=]
2 r L 7
£l o
-2 1000 —
< 7 5
b | o a’ A, B,
< 2 S
) D bbby o~
& (S — < 7
e N 4f - 4f experimental
-1000 = 5d - 4f experimental ‘\‘b\\\ifﬁ 7A2" -4fsd(e) 1T N
-2000 (— e
1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
0 5 10 15 20

Pressure (GPa)

trend. This agreement confirms the theoretically predicted
shifts of the transition energies with pressure, the remaining
quantitative discrepancies being associated with the approxi-
mations adopted in the present work, commented above.
The plots of the potential-energy surfaces of the different
states for ambient pressure and 11.329 GPa are given in Fig.
3. The results in Table I and Fig. 3 show a signiﬁcant short-
enlng of the Sm-F bond length upon 4/°’ Ay, —4f5d(e,)’!
1 T2 excitation at ambient pressure as well as at higher
pressures. These results are in line with those found before
for electronic transitions in sixfold coordinated Ce3*, that is,
a shortening of the bond length upon excitation from f to the
lowest-lying d orbitals (t,, in octahedral coordination, e, in
cubic coordination). As stated above, the shortening of the
Sm-F bond length upon 4% 7A,,—4f5d(e,)' 1'T,, excita-
tion is related to a redshift of the transition with pressure,
confirmed experimentally. From these facts, we conclude
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FIG. 3. Effects of pressure on the potential-energy curves of the
different electronic states of SrF,:Sm”*. Dashed lines: Ambient
pressure. Solid lines: High pressure (11.329 GPa).

that Eq. (1) also holds in this more complex six f-electron
system.

On the other hand, the results of Table I and Fig. 2 show
a small blueshift of the 4f°’A g—>4ﬁ °E, transition with
pressure of 25.3 cm™!/GPa. The expenments predlct a neg-
ligible redshift of the 4f— 4f band (3.9 cm~!/GPa).* Again,
our results reproduce the experimental trend of almost inde-
pendence of the 4f— 4f transition energy with pressure. The
results in Table I and Fig. 3 show a negligible increase of the
bond length upon 4° 7A2g—>4f6 5Eg excitation. This negli-
gible increase of the bond length is related to a transition
energy nearly constant with pressure.

Altogether, these results give a strong support to the theo-
retically predicted bond length changes upon f—d excita-
tion. On the other hand, they firmly establish high-pressure
spectroscopy experiments as a way to find the sign of bond
length changes upon excitation in these systems.

The results in Table I and Fig. 3 show a bond length
increase upon 4% 'A,, —4f°5d(1,,)' 6 T, excitation. From
the results in Table I and Fig. 2, we see that this transition
shifts to higher energy with increasing pressure (slope:
324.5 cm™'/GPa). This fact is predicted by Eq. (1), in line
with the results of Ref. 3 and completes the picture for the
relative positions of the different states in eightfold cubic
coordination: R [f"'d(e,)' IS RJfT<Rf"'d(1y,)']. As in
sixfold octahedral coordination, the transition to the lowest-
lying 4f""!5d" states shortens the impurity-ligand bond
length and the transition to the highest-lying 4f"'54" states
lengthens it. This bond length shifts result in decreasing
4f"—4f"~'5d(e,)', nearly constant 4f" —4f", and increasing
4f"—4f"'5d(t,,)" transition energies with increasing hy-
drostatic pressure. The first two have been contrasted with
experiment. There are no experimental data on the variation
of the f"— f"'d(1,,)" transition energy with pressure (it has
been measured only at ambient pressure'®).

Usmg the values for the calculated 4f° 7A2gﬂ4f55d(e
17'T,, and 4f° 7A2 —4%5d(t,,)' 6 'T,, excitations, we can
define the bond length and the energy of the baricenter state
of the 4f55d configuration as the weighted averages of the
values for the 4f°5d(e,)! 1 'T,, and 4£°5d(t,,)! 6 'T}, states.
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These values, for the different pressures, are shown in Table
I under the heading (5d'). Although this state is not real, it is
useful as a reference for discussion, as it corresponds to a
removal of the d ligand field splitting effects. According to
our calculations, the 4f"— (4f""'5d") transition results in a
lengthening of the impurity-ligand bond length, the final
shortening of the bond length upon 4f"—4""'5d(e,)" tran-
sition being due to the ligand field splitting of the 5d orbitals.
This is the same effect found in Ref. 2 for (CeFg)*~ embed-
ded in an elpasolite lattice. Related to this lengthening of the
impurity-ligand bond length upon 4f"—(4f"~'54") transi-
tion, the energy of the (hypothetical) 4f"— (4/"~'5d") tran-
sition should grow with increasing pressure.

Although the general agreement of our calculated transi-
tion energy slopes versus pressure with the experimental
ones is satisfactory (see Fig. 2), we notice that our calculated
redshifts are smaller than the experimental ones. In fact, for
the f— f transition we predict a small blueshift, while ex-
perimentally a negligible redshift is found (see Fig. 2). Spin-
orbit can have an influence on the slopes of the transition
energies, as it will mix states with slightly different Sm-F
distance. As a way to have a hint of what could be the influ-
ence of spin-orbit on the calculated slopes, we have calcu-
lated the slope of the transition energy versus pressure for all
the states considered in the calculations (see above) and then
calculated the averages of the slopes of transition energies
for the different manifolds. We consider that spin-orbit will
couple states mainly within these different manifolds and the
comparison of these averaged slopes gives a hint on the spin-
orbit effects on these values. The calculated averages are
39.8 cm™'/GPa (transition to states in the 4f° S=3 mani-
fold), 27.2 cm™'/GPa (4f°S=2 manifold), —80.8 cm~'/GPa
[4}‘5551(6&,)1 manifold], and 328.2 cm™'/GPa [4j55d(t2g)1
manifold]. Then, using these numbers we get a value of
—12.6 cm™!/GPa for the slope of the transition energy versus
pressure of the 4f° S=3—4f% §=2 excitations. The sign of
this slope is affected by the inclusion of spin-orbit effects,
and accordingly, we can only state that the transition energy
is almost constant as pressure changes, in qualitative agree-
ment with experiment.

Experimentally, the values of the transition from the low-
est level of the 4fSSd(eg)1 configuration to the ground state
and the transition from the D, state of the 4f° configuration
(the lowest-lying quintet state) to the ground state have been
determined, at ambient pressure, to be 15032 and
14 605 cm™!, respectively.* Our results for the position of the
lowest-lying 4/°5d(e,)" state and the lowest-lying 4f° quintet
state are, respectively, 16 080 and 16 030 cm™!. The differ-
ence between these numbers leaves room for the effects not
considered in the calculation, mainly spin-orbit interaction
and a higher level of electron correlation. An accurate calcu-
lation of the absolute value of the transitions is not the goal
of this paper and it would require very demanding calcula-
tions.

On the other hand, our results at ambient pressure for the
totally symmetric vibrational frequencies could be compared
with experimental ones, as they should be almost unaffected
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by spin-orbit effects.”!*!° SrF,:Sm?* has been shown to
be a laser’® and its ambient-pressure absorption,’*?!
fluorescence,’! excited-state absorption,'® and hole burning?
spectra have been reported in the literature. Wood and
Kaiser?! reported progressions of peaks in the emission spec-
trum of Sm?*: SrF, that they assigned to vibrational structure
of the electronic transitions. The highest of these progres-
sions has an average spacing of 349 cm™! and should be due
to the totally symmetric a,, vibrational mode. Our value of
368 cm™! for this frequency in the 7A2g ground state com-
pares favorably with experiment. The overestimation of
around 6% is in line with previous results.”

Finally, let us remark the fact that the rule of thumb de-
rived in Ref. 3 to predict the sign of the change of a transi-
tion with pressure, based on calculations on octahedral Ce**
clusters (4f') (use the configurational diagram for ambient
pressure and assume that the effects of pressure correspond
to moving inward across the R axis), can be equally used in
this case (cubic 4f° ion), as it can be deduced from Fig. 3.

2

IV. CONCLUSIONS

In this paper, we present quantum-mechanical ab initio
simulations of high hydrostatic pressure spectroscopic ex-
periments on Sm>*:SrF,. The simulations have been carried
out using embedded-cluster wave-function based techniques
which include scalar relativistic effects, valence electron cor-
relation, and quantum-mechanical embedding effects. We
have obtained spectroscopic constants (equilibrium distances
and breathing mode vibrational frequencies) for a number of
states of the impurity and calculated minimum-to-minimum
transition energies between the states, for several external
pressures. We have found that the relative bond length posi-
tions are R[f"'d(e,)' 1<RJ[fI<RJ[f"'d(ty,)'] in this
cubic symmetry. In line with previous theoretical results’
that have not been confirmed nor rejected experimentally,
this sequence of bond lengths leads to a redshift in
4]‘”%4]""1511(616)1 transitions, nearly constant 4f"—d4f"
transition energies, and a blueshift in 4f"—>4f"‘15d(t2g)1
transitions with increasing applied pressure. In Sm?*: SrF,,
these trends are qualitatively the same as those found in ac-
tual experimental results,* the quantitative agreement of the
slopes of the transition energy versus pressure being satisfac-
tory. This agreement gives a substantial amount of credit to
the theoretical determinations of bond length changes upon
excitation on complexes of f elements and, in particular, es-
tablishes the fact that a shortening of the bond length hap-
pens upon the lowest f"— f"~!d' transitions. Besides, it is
shown that high-pressure spectroscopic experiments can in-
directly reveal the sign of the bond length changes upon
electronic excitation, constituting a simpler alternative to
highly demanding excited-state EXAFS experiments.
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