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The possibilities of the use of Euin extracting information of the pressure effects on the nature of its
crystal site in the NgtEU(SQ), catalytic host are closely inspected through the study of emission spectra for
applied pressures up to 87 kbar. The phenomenological crystal field analysis of these spectra reveals clear
discontinuities, at~-30 kbar, the sharper ones, and then-@0 kbar, in crystal field strength trends, which

taken together with structure-based simulations of crystal field interactions indicate well-defined pressure-
induced anisotropic distortions in Eulocal environments.

Introduction among all R*, this work presents a systematic evaluation of a

) ) ) number of pressure-dependent characteristics of locél Eu
The two series of trivalent rare eartf'Rammonium double environments, i.e., the covalence, evolution of the spirbit

sulfates, monohydrated with stoichiometry B{SQ)2+H-0 for interaction, and very especially the symmetry and distribution
the smaller R as Y and Ho, or anhydrous RgHNH,, for of the distances to the ligands in the stoichiometric EyfSOH,
larger R cations as Nd and Eu, are interesting catalytic systems crystal, through the analysis of room-temperature photolumi-
tested in hydrogenation of olefins and nitroaromatics as well nescence spectra under different pressure conditions. The good
as in oxidation of organic sulfides: These materials, which  yasojution of the emission transitions, due to the ordered
combine the advantages of the catalytic properties’ofde@nters crystalline nature of Eu(SQy-NH,, along with the sequence

and the solid phase, the mild conditions for reactions and the ¢ gpserved energy levels correspondinge— 7F; transitions
possibility of recycling and reusing, are well qualified for the up to J = 4, beyond the’F, usually studied for Et glass
deve[opment of enyironmgntally benign methods: In oxidatipn materialsi3-15.17.18are advantages for achieving accurate results
reactions of organic s'ulf|des the hlgh. selectivity fQ}Jnd IN"in the current parametrization of Etucrystal field interactions.
competitive reactions is associated with the specific local Afterward, from the comparison with estimated crystal field
environment of R+ catalytic metallic centersUnderstanding parameters derived from crystallographic data by using the
these processes mt.:lud.es the study of thie $te featuresthe _ semiempirical Simple Overlap Model (SONPan assessment
nature of the coordination sphere as controlled by electrostatic 54 discussion on the possible origin of distortions affecting
interactions and interligand steric contraitis the correspond-  the Ed+ environment will be derived. The current approach to
ing structure. Fortunately, R cations constitute very useful  his knowledge can help to interpreting mechanisms in the
probes of crystal site environments in inorganic and organic bonding of EG*, that is, the catalytic center in Eu($@NH.,
systems:* to its ligands in the formation of the catalytic intermediate
It is well-known that information on the nature of3R complexes.
environments, in terms of symmetry and covalence of bonds to
the ligands, can be derived from the crystal field analysis of Experimental Section
the optical spectra of R centers in their hosts. From this point
of view, changes around®Rinvolving variations in symmetry,
interatomic distances, and covalence with neighboring ligands
as for those that result from the partial or total substitution for
other R*,5~7 or by tuning temperature and pressure, are usually .
tested from the crystal field analysis of spectroscopic data St€€! reactor at 170C during two weeks under autogenous
derived from optical absorption, photoluminescence (including pressure. . .
the fluorescence line narrowing technique, for glass materials), _1he crystal structure, established by single-crystal X-ray
and inelastic neutron scattering experiments. dlﬁgragcetg?é 'SArEO”()?CIiTgéS?paKe grcl’g?‘égg &N%'\ 14)*9"‘1"?23
F_ocusing on tlt16e pressure effects _that chara_cterize ﬁﬁe R (2)°; andé )= 4:.1 It cz.an be(czjné(éived ;is C(()n)stitﬁted b;./ sheets
optical spectrd; 16 and because Bl is the obvious choice of composition [Eu(S@s] -, Figure 1a, stacked parallel to the
bcplane, Figure 1b, in which a honeycomb (6, 3) layer of EuO

glg%fgé%%ponding author. E-mail: ccascales@icmm.csic.es. Fax: 34 gqge sharing polyhedra is linked to two different kinds of
t Consejo Superior de Investigaciones Ciirds. isolated sulfate Sg3~ tetrahedra. These sheets are bent along

*The University of Edinburgh. thea direction, as viewed in the Figure 1b. Inside the interblock
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Synthesis of the Sample and Crystallographic Back-
ground. Colorless crystals of Eu(S@-NH, were synthesized
"hydrothermally from a reaction mixture containing Eu(j
6H,0, propylamine and dimethyl sulfoxide, heated in a stainless
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Figure 2. Room-temperature photoluminescence spectrbgr—

"Fo1 2 transitions of E&' in Eu(SQ).rNH, for measured pressures up
to 87 kbar.

INTENSITY (arb. units)

filter used to suppress the elastic scattered light. The 514.5 nm
line of an Ar—Kr laser from Spectra Physics was used to excite
the luminescence of the sample. The scattered and incident
beams were focused using an Olympus microscope with a long
working distance x20 objective; thus the experiments have been
done in the backscattering geometry. At each pressure the
scattered light from the sample and from one ruby sphere was
collected.

Experimental Results

Depending on the applied pressure the collected luminescence
spectra of Eu(Sg)>"NH,, consisting of sharp and well defined
5Do — 7F; transitions observed far= 0, 1, 2, 3, and 4, present
diverse characteristics, mainly regarding the individual positions
of energy levels and therefore the magnitude of the observed
crystal field splitting for eacHF; state, as well as their relative
intensity. The evolution of energy level shifts shows strong
nonlinearity between specific ranges of applied pressure. On
the other hand, no induced amorphization has been obsé&rved,
and the small observed broadening for the single transtign
— 7Fo shows also nonlinear behavior with the compression. We
Figure 1. Views along (a) [100] and (b) [001] directions on the shall hereafter refer to the optical features of these speatra
structure of Eu(Sg).*NH.. (c) Detailed view of the Eugpolyhedron terms of the position of the Stark energy levels, intensities of
and its environment. Large blue spheres represeht, End labels for the corresponding transitions, and their line widtas origi-
coordln_ated oxygens are those previously used in the smgle-crystalnaﬁng from E&* at . 11 11. IV. V. VI. VIL. VIII. and IX local
X-ray diffraction study): SO~ are the larger tetrahedral groups, and . L ’
the smaller ones represent hH environments, originated under pressures of 0, 14, 26, 37, 46,

57, 67, 77, and 87 kbar, respectively.
space are hosted rows of Hrunning parallel to theb Figure 2 shows the spectra corresponding t®he— "Fo 12
direction, connecting the layers through hydrogen bonds. The transitions at increasing pressures from ambient up to 87 kbar.
local structure around Etiin the crystal, that is, its coordination  In all cases, the observation of a weak line for g — "F
polyhedron formed by oxygens as well as the nearest bondedtransition indicates a site @,,, Cn, or Cs symmetry for E&",
SO2~ groups and Ni™ cations, is depicted in the Figure 1c. as these symmetries allow the transition as an electric dipole

Pressure Measurements and Photoluminescence Spectra. process, according to the group theory selection rules, with a
Pressure measurements were performed using a diamond anvilinear term in the crystal field expansiéh?3
optical cell with steel gaskets with a typical 20nh diameter Figure 3 summarizes the effects of pressure on the single
hole. Single crystals of Eu(S-NH4 were deposited on the 5Dy — 7F transition. The energy of the transition for Euat
top surface of a NaCl pellet inserted in the cell. This procedure |—I1X environments is depicted in Figure 3a. Shifts to lower
avoids nonhydrostatic conditions during measurements, per-energies, from 17272 to 17239 ctare clearly observed when
formed at pressures up to 87 kbar at room temperature. Rubythe pressure is getting higher. The red shift is very pronounced
microspheres were also placed in the cell to measure the pressurevhen the pressure was increased from ambient to 26 kbar, then
by the ruby luminescence meth&tn conjuction with the above  the peak position remains practically unchanged between 26
cell, a micro-Raman system was used to obtain the Raman andand 37 kbar, showing a further moderate and continuous red
emission spectra. The system consists in a Jobin-Yvon HR 460shift above 37 kbar. In this way, two almost linear relationships,
monochromator, a Ncooled CCD and a Kaiser-Notch-Plus "Fo(A) = 17273— 0.61P cm™%, and’Fo(B) = 17267.8— 0.34P
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I a) indication of the evolution of the spirorbit coupling parameter
— 17270¢ &4 with the pressure can be extracte@figure 4 gives the
evolution with the compression of the average valelnitially,
no variation is found, and the strong decreasé&giup to 37
172501 kbar is followed by a plateau that extends to about 67 kbar,
which turns even to increase at pressures above 67 kbar.
17240 Although the &4 evolution for EG* across +IV pressure-
b) induced sites has been explained as the result of the expansion
of the 4f wavefunctions of B8 a consequence of the screening
of the nuclear charge by the increasingly overlap with orbitals
% from the ligands, the behavior above 37 kbar, with a minimum
at 67 kbar (for site VII), would be the result of some axially
@ % / induced stress effect, owing the sensitivitysgfto nonisotropic

: stresse& although other effectould simultaneously influence
0 20 20 50 80 the &4 variation with the applied pressure.

PRESSURE (kbar) By checking the variation of the intensity ratio of the induced
Figure 3. Energy (cnT®) (a) and full width at half-maximum fwhm electric dipole ED°Dy — 7F; to the magnetic dipole MBDg
(b) of the®Do — "F, transition of EG* in Eu(SQ),*NH, for measured — 7F1 emissions|epmp(1), Figure 5, related to the Jud®felt
pressures up to 87 kbar. parametei,,2° an assessment of the evolution of short-range

-1 g ibe the d q  th K . ith th effects such as the distortion and covalence degree of the Eu
cm'~, describe the dependence of the peak position With the 63913152930 can pe derived. Although this relationship is

pressure, with a clear change in the slope around 30 kbar, that_, 5, ambient pressure, it reaches a maximum value 26
sezarates th$| tl\;vo.mda'un pr(;asbsulre—lnduifed.behaV|o.r regimes, Ao 46 kbar. These data indicate an enhancement of the electric
an zéﬁs V‘g € |nd_|cate h N ow.hFcl) owing pfrewous argu- - gipole®dy — 7F, transition, which reveals increasing distortion
ments, " and according to the nephelauxetic e @We. can and/or higher covalence in bonds to ligands surroundint Eu
evaluate the overall EtO bonding covalence for the different ;| _y, pressure-induced sites. However, the variation of
suc;:e55|v7e+x sites by using the variation of the energy of |__ 1y 4oes not display an unique trend along the series of
the>Do — 'Fo transition. Therefore, we associate the red-shifted o ission spectra, and after reaching the maximum at 46 kbar,
transitions with increasingly covalent E‘uenwro_nments, th's its behavior reverses to lower values, indicating some release
effect being strongly observed.foHII.prgssure-mduced SIS 4 one or both indicated factors, and finally regains strength
up to 26 kbar, arlld aftek; the discontinuity réroulnd zo kbqr the for the environment IX, corresponding to the highest applied
Increase In covalence becomes more gradual and continuoUsyessyre. The identification of the key factor to cause discon-

up to 87 kbar. tinuities will be discussed later, in connection with results of
In the evolution of the bandwidth (as fwhm) of thBg — the crystal field analysis. ’

"Fo transition, Figure 3b, an important broadening is initially A th . b 80— TFa 4t ii h
observed, followed by a reversal in the trend around 30 kbar to . Fm°“9 6e r;m?gllngo7éer¥ O't' 3.4 ranzl |§)nst N d owr:h
more reduced fwhm values that remains nearly constant up to!N m1gure 6, theLo 3 lransitions are detected wi

approximately 60 kbar. Finally, for the higher pressure$ihe rer?artkabtljle Iogv |rt1;[]en2tg. In;a'(\:/tl,Dthesie t;ansﬂqns aregorblddben
— 7R, transition smoothly broadens again. This featuréDg mb Irs 0(; erl y the an Sef;fe'.o.n ru ei’. ?‘n can be
— 7F, can be ascribed to the correlation between eleetron CPSErved only as a consequence olJimaixing, which mixes

7 i i _
phonon coupling and crystal field strengths in a given pressure- the 'Fs wavefunctions W'Fh otheff, ones, th_rough_ the second
induced E&" environmen® These results, and the three and fourth-order crystal field parameters. Lists with all observed

pressure ranges that the evolution of the bandwidths establish,energy levels for EXi" at corresponding +1X surroundings for

properly correlate with data obtained from the analysis carried @PPlied pressures are available in the Supporting Information.
out for selected Raman phonons of the Eu(ﬁqu4 com- The variation of IOng-range effects arOUnCPEuhat IS, those
pound?” The maximum fwhm for site Il at 26 kbar, about 3 related to the bulk properties of our material and to the Judd
times that for site I, suggests an increasing electron coupling to Ofelt parameteﬁ254,29 can be f0”0W95d throu7gh the intensity ratio
local lattice vibrations associated to an enhancement of the|eomp(2) of ED *Do — Fs to MD °Do — ’F, emissions; see
crystal field strength up to 26 kbar, which is followed by some Table 1.Ieomp(2) experiences significant but scattered changes
weakening of these effects acrossVIl environments, and a  for increasing pressures, froml for ambient pressure up to
final regain in them above 67 kbar, for Euat VIl and IX ~10 for 46 kbar and 87 kbar. At this point it is worth noting
sites. that the transitiodDo — 7F, develops a peculiarly high intensity
For all applied pressures, the presence of three Stark levelsfor pressures above 14 kbar, being even stronger thafDifie
for theDo — 7F; transition and five levels in the hypersensitive — 'F2 transition. This phenomenon can be interpreted in terms
5Dy — 7, region, as Figure 2 shows, means that the degeneracyof the behavior of the Judd-Ofelt intensity paramefejselated
of these two states is completely lifted; that is, the crystal site t0 their dependence on the nature and local symmetry around

17260}

ENERGY (cm’

FWHM (em™)

of the E#* optical center in +IX surroundings possess€s, Ewt, in such a way that a particular combination of enhance-
or lower symmetry. Table 1 includes the energies offhe— ment for€2, upon€2,, as derived from a long-range environment
7Fy transition,’F1 and 7F, Stark levels, splittings, and centers becoming more regular by the applied pressure, with the high
of gravity for 'F; and "F, states for E& in all 1—IX polarizability of the chemical surroundings of £y has to be
environments. taken into account to explain 3t.

The pressure is expected to increase the overlap betwé&n Eu  The crystal field analysis and simulation of Ewexperimental
4f wavefunctions and the ligand orbitals, yielding small varia- energy levels constitutes an easy and powerful tool to evaluate
tions on the Coulomb and spiorbit coupling interactions.  the pressure-induced changes in symmetry and distances around
From the centers of gravity fofF; and “F; manifolds, an Eu in Eu(SQ),-NH4. The whole series of luminescence spectra
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TABLE 1: Energy of the 3Dy — "Fo Emission (cnT?l), Energy Levels (cnt?l), Centers of Gravity CG (cm™1), Splittings A (cm™1)
for 7F; and F, Multiplets, and Intensity Ratios of Transitions 5Dy — "F»/°Do — 7Fy, (1), and 5Dy — "F4/°Do — 7F4, 1(2), for
Pressure-Induced P (kbar) EG+ Environments E in Eu(SOy)2'NH,4

7’:1 7F2
P E Do 1 2 3 C@® AF 1 2 3 4 5 CG AR 1P 12
0o I 17272 302 387 422 370 120 944 1022 1072 1102 1197 1067 253 210 1.1
14 1l 17265 302 379 434 372 132 949 1023 1076 1099 1198 1069 249 223 3.4
26 il 17257 313 379 422 371 109 947 1021 1076 1107 1038 160 227 1.9
37 IV 17256 298 368 451 372 153 924 953 1025 1078 1108 1018 184 245 3.8
46 Vv 17252 296 375 447 373 151 922 954 1024 1074 1112 1017 190 252 102
57 VI 17248 294 376 450 373 156 918 954 1025 1069 1117 1016 199  2.47
67 VI 17245 284 376 463 374 179 917 958 1025 1069 1119 1016 202  2.42
77 VIl 17242 275 374 481 377 206 920 968 1024 1106 1116 1027 196 237 4.1
87 IX 17239 268 375 485 376 217 921 976 1024 1108 1120 1030 199 2.38 9.8

2 CG have been calculated as the average energy of thefareed five ’F, Stark levels, respectively.lepmp(1) = (°Do — "F2)/(*Do — "Fy).

¢ leomp(2) = (*Do — "Fa)/(°Do — "Fa).
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22+t reduced matrix elements, and furthermore they can be described
rather well in a RusseltSaunders bas#,in contrast with levels
21 . . . . at higher energies.
0 20 40 60 80 The strongly reduced basis of tHE;y set alone, i.e., 49

PRESSURE (kbar)

Figure 5. Intensity ratio®Do — "F2/°Do — "F1, leomp(1), as a function
of the applied pressure.

for I=1X environments will be examined to parametrize their
corresponding crystal field interactions. The phenomenological
evaluation of trends in derived crystal field parameters CFPs
and their comparison with those derived from a semiempirical
structure-related crystal field model, will provide a way to
develop a description of the pressure relationship with local
environments of E¥ active sites® which must be consistent
with all the results already pointed out.

Crystal-Field Analysis and Phenomenological Simulation
of the Energy Level Schemes: Observed Trendsdt is well-
known that E&" is the best choice for a “crystal-field probe”
in a given hos#® By making use of the selection rules for
induced electric dipole and magnetic dipole transitions, it is
possible to discriminate between different point symmetries for

an observed optical center in a given host. Moreover, there is

a straightforward relation between the crystal field splitting of
251 4 levels with smallJ values, especially fod = 1 and 2,

=~ JIM;0levels, can be used to conduct, with accurate results,
the phenomenological crystal field simulation of the’Eanergy
level schemé.Evidently, even with thé-mixing included, this
basis does not take into account all interactions, as nondiagonal
spin—orbit interactions that create small components ofhge
levels into the’F; wavefunctions. Therefore, “intermediate
parameters” have to be introduced, one for e&€hstate, to
overlap experimental and calculated centers of gravity.

The method used for calculating the energy levels of'Eu
in a crystalline environment considers the single-particle crystal
field theory. Following the formalism of Wybourriéthe crystal
field Hamiltonian is expressed as a sum of products of tensor
operators C);, with real Bf and complexs, parameters as
coefficients, the latter appropriated to the®Esite symmetry
in the host.

46 k

Hee= k; qu[Bg(Cg + (_1)quiq) + ii(Cg — (_1)qcliq)]

The crystal field potential for Eif in its initial environment

and the CFPs. In this case, CFPs can be deduced directly fromin Eu(SQ),*NH,4 posses<; symmetry and thus involves 27

the experiment. ThéF; levels are very adequate to be used in
a crystal field analysis because of their large value for the

CFPs, but the simulation with such a high number of adjustable
parameters is nonrealistic. Therefore, we proceeded by using
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TABLE 2: Simple Overlap Model (SOM) Simulated, and Phenomenological Crystal Field Parameters and Crystal Field
Strengths (cm?) for Eu®* in Local Environments Induced by Pressure in Eu(SQ)>*NH4

SOM | I I v v VI ¢ Vile Vil IX
B2 359  306(8) 343(23) 332(17) 467(15) 468(16) 480(15) 518(12) 585(14) 609(14)
B2 228 193(6) 174(18) 143(12) 146(14) 164(14) 172(15) 193(13) 223(14) 237(14)
BY  —518 —905(12) —888(34) —951(25) ~—375(28) —405(29) —426(30) —401(23) —237(27) —214(30)
B  —108 —619(10) —255(34) —322(26) -—198(36) —114(32) —103(49) —42(40)  —210(31) —143(28)
B! 32 —78(13) —137(32) —88(27)  —270(24) —227(24) —287(29) —291(24) —270(25) —293(28)
S -568 —320(18) —697(29) —761(17) —530(20) —546(25)  [-540] [~540] —504 —567(27)
§  -107 -156(13) —22(38)  —150(24) —239(26) —267(27) [-267] [-267] —296 —293(32)
BS —51  —354(16) —259(46) —363(43) —299(30) —256(31) —380(30) —309(30) —466(32) —505(34)
BS  —161 —271(16) —448(40) —304(37) -—17(35) —73(36)  —29(36)  —198(32) —120(50) —179(48)
BS 366 361(14) 371(38) 410(21) 501(24) 515(23) 640(23) 639(22) 436(35) 513(29)
BS 6 —296(16) —336(53) ~—735(23) —718(39) —828(32) —756(34) —713(32) —953(27) —1047(26)
S 199  314(14) 209(33) 174(20) 111(23) 68(26) [70] [70] 155(23) 204(24)
] —69 —231(18) —130(28) —266(20) —370(24) —303(29) [-332] [-332] —478(24)  —477(22)
€ -122  -285(15) —622(45) —486(34) —710(27) —711(33) [-643] [~643] —433(32) —139(68)
Fa 216 183 189 174 228 234 241 262 297 311
g 354 454 463 504 340 339 349 343 329 345
s 289 301 379 430 475 495 493 486 506 527
g 2092 332 362 396 362 372 376 375 388 406
N 21 20 18 22 22 11 11 18 18
o 0.7 5.9 2.5 3.3 3.5 3.1 1.9 3.1 3.4

ag = {1/(k+ 1)[(BY2 + 2 zq[(Bg)2 + (S)1}Y2, S = [Ys3kSY2 o = [T (A)Y(N — p)]¥3 A = E, — E¢; N = number of Stark levelgy =
number of parameter§ Complex CFPs, with values close to those for V, have not been varied in the fit.

the approximateC,/Cs symmetry, for all FIX environments, EwT site, including the effective charge attributed to L. The
as the best approach. To make a meaningful simulation, we carrysign 4 of the denominator stands for differentiating the type of
out the descending symmetry procedure fitting first the observed L: when a single type of L is considered, a minus sign
energy levels in the orthorhombig,, point group, the highest  corresponding to the normal shift of the charge barycenter from
symmetry for which no crystal field degeneracy exists. Thus, the midpoint of theR bonding distance should be taken, and
second-, fourth-, and sixth-rank re@}, CFPs can be derived  when different L are present the minus sign corresponds to the
from the adequate reproduction of separétg’F, and the most covalent one. Crystallographic data for EWa®H, were
remaining observedrs_4 splittings, respectively, before con-  those from previous X-ray analysighe effective charge for
sidering all observed energy levels and a free variation of all the oxygen was taken asl.0, a value that is found not to vary
CFPs. This procedure often yields different sets of CFPs, all of much, andp was adjusted to a value of 0.05, intermediate
them describing adequately the sequences of observed energpetween typical values for ¥tonfigurations, 0.04 (mostly ionic
levels. This laborious procedure of searching reliable minima compounds) and 0.08 (mostly covalent compouf®i)ith this
and accurate starting CFPs is facilitated by using predictive model, reaIB: and complexS; CFPs for theC,/Cs symmetry
models for crystal field interactiori,that furthermore serve  of the initial environment | of E¥ in Eu(SQ)2*NH,4 have been
to assess the likeliness of present phenomenological parametriestimated; see Table 2. These values together with the above
zations of crystal field effects in the Euinitial | crystal site. phenomenological,, ones constitute the basis for subsequent
We have applied the well-tested semiempirical Simple Overlap C,/Cs phenomenological fits of observed ¥uStark energy
Model SOM1%37This simplified model of calculation of crystal  |evels.
field interactions uses the crystal structural data concerning the T compare and evaluate changes in the crystal field
closer coordination sphere of ions around Eiie., the distances  interactions for E8&F in progressively pressure distorted local
in its coordination polyhedron. __environments, the relativé (k = 2, 4, 6) and totaB" crystal
SOM considers effective charges, located around the middle fig|g strength parameters have been also calculated; see defini-
of the E"—ligand (L) distances, which are assumed to be {jong at the bottom of Table 2. Thes®, &, and<F rotational
proportional to the magnitude of the overlap integréletween iy ariants of the crystal field represent the short-, medium-, and
the 4f and the valence orbitals of Euand L (oxygen),  |gng-range crystal field strengths, respectively, in connection
respectively. The CFPs are written as to the spatial expansion of crystal field effects.

)3.5 All the performed calculations were conducted with the aid

k+1
B = [IlkDZp ( 2 ) AL p=p (_ of the matrix-diagonalizing program GROMINE¥which took
q L L 0 . L . . .
1+p, R into account the mixing between wavefunctions with different
JandM values. Least-squares refinements between experimental

The sum over L is limited to the first coordination sphere; and calculated energy levels were carried out by minimizing
consequently, the required crystallographic data are restrictedthe functiono, defined as indicated at the bottom of Table 2.
to the closest oxygen positions and thtt§radial integral are Observed energy levels for Euat I-1X local fields, included
not corrected from the spatial expansiprvaries for each L as  in Table 1 of the Supporting Information, were used to determine
a function of the distanc®, according to the exponential law  the corresponding CFPs. These sequences include all well-
above indicateR, being the shortest distanoeg is the lattice resolved ’F; and “F, Stark levels, which reduce possible
sum and it takes into account the symmetry properties of the uncertainties in calculated fourth rank CFPs, thus making their
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Figure 7. Variation of Bg (@), ﬁ (b), and Ig (c) crystal field parameters and crystal field strengths (d) as a function of the applied pressuré for Eu
in EU(SQ)Z‘NH4.

values physically meaningful, and an important number of well-defined separate pressure-induced behaviors. Similar re-
energy levels forFs and ’F4 (excepting for 57 and 67 kbar  gions can be distinguished in the evolution&§f values, but
measurements), which allows the fit of the sixth rank ones. In for pressures below 30 kbar the evolution trend is reversed with
accordance with the reduced number’ef and ', observed  regard toB2. The crystal field strength parame® Figure 7d,
energy levels in measurements at 57 and 67 kbar, complex four-which is a quantitative measure of the short-range crystal field
and six-rank CFPs have not been varied in the fitting process, interactions, smoothes to some extent the above opposite effects
and their values were those obtained for the corresponding fit and, although it maintains the three differentiated pressure

at 47 kbar. Final best fitteG,/Cs CFPs for ambient and pressure-  pehavior ranges, evolves in a slightly increasing way across the
induced HIX Eu®" local environments in the studied am- gerjes.

monium sulfate matrix are listed in Table 2. Concerning medium-rangésg CFPs, Figure 7b, theBg"

_ Despite the low point site symmetry of Eusites, the crystal 5 -ameter undergoes an abrupt reduction of absolute values
field simulations have produced energy level sequences thaty o ng 30 kbar, remaining afterward almost unchanged up to
Z?ognzatg\zggrﬁgfgr(ijrigg?tz\al\::h :l)e %%Si\?i:;/:aﬂ d da}tsir(e'zsp?:nzzbslewm kbar, and followed by a smaI‘I1 increase for final pressures

’ . ' R up to 87 kbar. Variations in th&, parameter, always with
between experimental and calculated values of individual ener: . 2 F L L
levels are olgserved. In the Supporting Informatt@me included gynegatlve values, are wegk'er, but its trend delimits similar
the experimental sequences of energy levels and the corre Pressure ranges, with minima aFOU“d 30 and 70 klﬁr. .
sponding calculated schemes for*Euat I—IX environments. evolves deplctujg also the thrge mqllcat(.ad pre;sure schemes, with

Analysis of Trends in Phenomenological CFPs along the \_I/_allg_es going In the ”ori]posnfe d(_ilr_gctl(l)rg Vr\]”th. regg;d IBé
Pressure SeriesTo analyze possible trends with the applied aking into account all these individual behaviors, Siglot,
pressure, results of Table 2 are displayed in FiguredZapart Figure 7d, defines vyell the threg Kinds of behgwor for medlgm-
from the nature of the considered'Rthe crystal field potential range E&" crystal f|eld.|nteract|ons, ar)d their correqundlng
around an optical center directly depends of the symmetry, pres;ure ranges, e;peaallyfor the two flrst.ones. Opposite trends
distances, and bonding angles that characterize its crystal-Of Bq CFPs featuring VIl and IX E¥ environments, for 77
lographic site in the host. If the applied pressure supposes soménd 87 kbar, respectively, cancel their differences with regard
reduction in ligand distances around®yielding either higher 0 'VfV|| pressure-induced sites. .
symmetry sites or, in contrast, more distorted sites with wider ~Being aware of the reduced number of experimentally
distribution of distances (i.e., with some distance(s) significantly observedFs and’Fs energy levels, and thus of the lower level
smaller than the average distance), the short-range crystal fieldof confidence, amon@g CFPs, Figure 7cB; behaves fluctu-

strength would increase. ant, with negative values and with a slightly negative slope from
As shown in Figure 7a, an evolution to higher magnitudes the start to the end of the series. For ﬁ‘japarameter, also

can describe the general behavior Bf for | to IX Eudt with negative values, after 30 kbar the pressure-inducéd Eu

surroundings, related to some reduction in nearéf Eligand environments show a reduction of its absolute value. The

distances. However, a sudden jumpBg values is observed  evolution of the BS parameter, with positive values in the
for pressures around 30 kbar, and after a continuous change tovhole pressure range, shows a positive slope up#0 kbar,
increased values, other less relevant discontinuity around 70with somewhat lower values for the two environments corre-
kbar up to 87 kbar is detected, delimiting three A, B, and C sponding to the higher pressures. Finally, Ib%parameter
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proceeds with a general increase of their negative values, with

little variation in the pressure range between 30 and 70 kbar, 1000} .f”/;
with higher negative values for higher-pressuréEenviron- 750 r”'/of“"‘f
ments. The general behavior df Figure 7d, indicates a general 500 [ oéo/ - 4
enhancement of the strength in long-range crystal field interac- < = Bi'_______;. o ¥
tions. £ 250 Gx\j“E\ L H

Locally Induced Pressure Effects around the E&" Site: = 0F H‘\\
Discussion.Benefiting from the fact that the SOM model uses Ncno 2501 Q\\\
the crystallographic distances of the coordination polyhedron ““““\\
around E&" in the estimation of CFPs, a qualitative evaluation -500 - %\
of possible distortions induced in the Eu(§8NH,; network 750[ a) 4
by the applied pressure, through the adequate reproduction of L . L s L
the previously indicated trends in phenomenological CFPs, was /
attempted. Although the SOM is only a coarse approach, it is . =100}
an attractive semiempirical crystal field model because of its &3 I
simplicity correlating the crystal structure with CFPs. In SOM E 300k
calculations only the first coordination sphere of neighbors
around E&", i.e., the Eu@polyhedron (maximum distance Eu o |
Omax= 2.580 A), is considered, but under the applied pressure @ -500
it would be possible that some other ligands can be at similar
distances from Eit than those in Eug) contributing also to -700
the crystal field felt by E&". Therefore, to extend our computa-
tions to a range of interatomic distances covering all possible -900

ligands with effect over the Bt crystal field, a modified model,
SOMPLUS#% which also takes into account more distant
ligands, S(1) and S(2) from S® groups, NH*, and even next -50
Eu*t in a second cationic sphere, has been used here. Bearing
in mind the anisotropy of the studied material, these calculations
have explored, together with the effect of the hydrostatic
compression (H) on the Eu(Qf2NH,4 crystal, the pressure
effect on each single crystallographic direction, that is, the
calculation of CFPs supposing volume compressions derived
from the reduction of unit cell dimensions aloagp, or ¢ crystal -200F
axes (thereafter shortly indicatedash, or c volume compres-
sions). o _ 0 5 10 15 20

Because phenomenological fits have yielded remarkable % VOLUME COMPRESSION
variations and well-defined trends in the evolution with the o )

Figure 8. Variation of simulated (a) B (b) Bj, and (c) B Ew*

K _ .
pressure fol, (k = 2, 4, 6) parameters, and especially Bﬁr crystal field parameters vs hydrostatic B)( a (®), b (a) andc (¥)

4 . . - .
and By, the comparison with predictions derived from SOM  yolume compressions of Eu($@NH,. Open symbols are for calcula-
and SOMPLUS will be focused on these CFPs. Figure@a  tions considering only the first shell of oxygens around‘Eand full

collects calculatedf values vs volume compressions of the symbols are for ligands upt7 A from Eif.

unit cell of Eu(SQ)2*NHa, corresponding to Bt surrounded . . .

by (|) oxygens of Eu@and (||) |igands at |arger distances, the induced compression at a given pressure can account for
above ones plus S(1) and S(2) from sulfate groups,Nahd important modifications of trends in CFPs.

a second sphere of Eucations, up to 7 A. Due to the Bf! Independently of the considered nearer or extended ligand
dependence, the consideration of environments including suc-field around E&", from the comparison of the phenomenological
cessive shells of ligands at a greater distance is supposed noB; Vs pressure, Figure 7a, with the calculated curves, Figure
much influence the crystal field. As can be seen in Figure 8a 84, it can be derived that if initially the pressure effect on the
¢, no important differences have been found between (i) and crystal field can be assimilated to this produced by a hydrostatic
(ii) surroundings for eitheB? or BS parameters, in any crystal ~ regime, the sudden jump i85 must be attributed to a short-
direction, even at the highest considered pressure. Divergencegange compression experienced mainly alongetaxis. This

are larger forB? (1/R® decreases slower thanRb/and 1R), means that for pressures exceeding a given limit the compression
with higher values for the extended environment of ligands. SPecifically affects ligands situated near thaxis, those labeled
Therefore, the non-nearest neighbor ligands have a greatef©2, 04, 03, and O5 in Figure 1c, whose individual distances
contribution to the parameters wikh= 2, than those with = to EL?* are clearly diminished with regard to the average-Eu

4 and 6. Moreover, these calculations indicate that the evolution O(P), yielding a larger distribution of distances around*Eu

of the crystal field interactions in Eu(SR:NH4 is highly and thus strongeB) CFPs?3

anisotropic, and only the effect of the compression alorig The evolution of calculated;, Figure 8b, has negative
close to the effect of the hydrostatic compression. Thus, suddenslope for hydrostatic H as well as for bothand ¢ volume
changes in phenomenological CFPs as those observed mainlycompressions. On the contrary, it shows positive slope, going
around 30 kbar could be attributed to an emerging dominant from strong negative to small positive values, for compressions
axial component of the pressure-induced volume compressioninduced along thé-axis. Thus, trends in phenomenologi%l

of the unit cell of Eu(SQ),NH,.811.284142|n other words, values could be reproduced through a change in the effect of
changes in the main axial component of the nonhydrostatic the pressure, which specifically influences medium-range
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both sets of data, for differerd volume compressions, are
displayed in Figure 9c. The two sets of combinadnd b
volume compressions yielding most regular Be@vironments,
that is,R maxima, correspond to 6%—9% b and 8%a—10%

b effects.

Obviously, the evolution oB3 toward higher values will be
modulated and kept within narrower limits, mainly in the-37
60 kbar range of applied pressure, by this now homogenized
distribution of distances around Eu

The phenomenological variation ﬁ with the pressure is
not very well defined, and then its explanation is not as clear
as that previously indicated f@3 andBj. In any case, because
expecteoBg are going to increased negative values for purely
hydrostatic as well as for volume compressions alongtaed
b directions, only the effect of the compression alangould
account for the initial raise (up to810%c volume) in observed
B values.

Conclusions

Although from ambient up to below30 kbar the expected
effects of the hydrostatic applied pressure are manifested through
gradual changes in emission spectra, which involve the en-
hancement of the covalence and distortion of-Eubonds, the
increasing strength of the electrephonon coupling, the rapid
decrease of the spitorbit coupling related to the screening of
nuclear charges and to the expansion of the 4f wavefunctions,
along with some increase in the crystal field strengths, clear
discontinuities appear around 30 kbar. Thus, a strong decrease
in the electror-phonon coupling and the stabilization of the
average value the spirorbit interaction as well as sharp changes
to higherBj (and $) and to lowerB; (and &%) values are the
main characteristic for Eti environment in this pressure range.

% a VOLUME COMPRESSION

Figure 9. (a) Evolution of average EtO distanceslayer (full symbols)
andR ratio (open symbols) in the Eu@olyhedron for independeat
andb volume compressions:4() a volume compression®) b volume
compression. (b) Evolution daver (full symbols) andR ratio (open
symbols) for mixedb and (left pointing triangle) 2%;®) 4%; (right
pointing triangle) 6%; M) 7%; (@) 8%; (a) 9%,; (x) 10%; @) 12%a
volume compressions. (c) Evolution &fratio for mixeda and @)
9% and §) 10% b volume compressions.

The origin of this behavior can be attributed to anisotropic
compressions induced in the network by the applied pressure.
Through data derived from phenomenological crystal field
analyses and structure-based crystal field simulations, it can be
described as the result of (1) a short-range distortion felt along
the a-axis, which specifically minimizes distances to ligands
aligned alongg, enlarging the distribution of EtO distances
with regard to Et-Oa,e;, and therefore yields enhancﬁ@
values, and (2) a compression alobg which specifically

distances around Etiand supposes compression along bhe ) A .
dnfluences medium-range distances aroundEwgenerating

direction. Above 30 kbar these effects at medium-range distance i
will result in a rather more regular environment of ligands More regular E¥ environments, and consequerltly lessBhs
around Eu, leading to weak&, CFPs. values. Reinforced trends to highg§ and lowerB, CFPs for

To better visualize the correlation between pressure effects EW" at VIl and IX environments resulting from applied
with changes in the distribution of distances around‘Ewe pressures of 6787 kbar can be understood not only by the
have carried out the analysis of the evolution of all GuO Strengthening of these anisotropies but also as related to the
distances. Initially, the calculations have been madeafand observed increase in the spiorbit coupling, in which several
b volume compressions, each one independently considered, an§ffects, such as the increasing gradient with the distance of the
the results are collected in Figure 9a. It can be observed thatéfféctive potential or the increasing hybridization of 4f, 2s, and
both individuala and b compressions lead to lower E® 2p orbitals, can be involved.
average distancesjae: However, the corresponding ratio An increase in the coordination number of ligands around
between the minimum and the average values of-@u  EW' in Eu(SQ)"NH, with the applied pressutenas been
distancesR = dmin/daves Chosen as a figure of merit for the discarded because of results from simulations of CFPs for
degree of regularity of the Eu@olyhedron, behaves differently. ~ sufficiently larger distances.
ThoughR values are nearly constant up to the 109 eblume Furthermore, the careful analysis of the evolution of&l
compressions, and then they diminish, a maximum is observeddistances resulting from possible anisotropically induced volume
at~5% of b volume compression, and then its lessening is even compressions even provides a semiquantitative relationship
more accentuated than for compressions alangfterward, between crystal field effects in specific ranges of pressure with
the mixed effect ofa and b volume compressions on E® the local distortion of the network around £u
distances was scanned in the 2% region, and the results The developed approach to the assessment of the nature of
are collected in Figure 9b,c. BecauBemaxima have been the environment of Eii as based on the analysis of its
detected in Figure 9b for 9 and 10Bovolume compressions,  photoluminescence spectra, can be also extended, in a more
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general way, to the study of other systems, among which mono-

and polymetallic molecular structufesr important biological
system#&* can be included.
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