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Effect of pressure on free-ion and crystal-field parameters of P¥* in LOCI (L=La, Pr, Gd)
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Fluorescence and absorption spectra éf FPrOCI (PrPr) were measured in the range from 11 500'cto
22500 cm * under pressures up to 16 GPa. From these spectra, the pressure dependence of the energy-level
scheme of the # configuration of Pt could be partly derived. The effect of pressure on the free-ion
parametersFZ, F4 F® and { was determined and compared in detail with former results on
Pr*:LaOCI (PrLa) and PFr":GdOCI (PrGd). The observed shifts can be described by a combination of
central-field and symmetry-restricted covalency in all cases. The variations of the crystal-field parameters are
analyzed in the framework of the superposition model. Although specific features can be accounted for by this
model, distinct deviations reveal the difficulties in applying this model to compounds with two different
ligands.

I. INTRODUCTION Investigations of L3":LaCl;(L=Pr, Nd, U) under
pressuré have shown that the SM indeed was able to de-
For many years the electronic structure of rare-earth ionscribe the crystal-field variations with varying interatomic
in different host materials has been the subject of numeroudistances. In this paper the application of this model to
investigations:? Due to the screening by outer shells, the PP*LOCI(PrLn, L=La, Pr, Gd) is presented. In compari-
energy-level scheme of teonfiguration of a rare-earth ion son to LaC}, with one type of ligands only, theOCI host
in a crystal is very similar to the free-ion case. The crystallattice represents a more difficult case, due to the two differ-
field, created by the surrounding ligands, only slightly affectsent ligands around the central®Prion. It is therefore a
the free-ion properties, leading to small shifts and splittingschallenge for this work to check whether the SM and its
of the free-ion levels. Consequently, in optical measurementgssumptions are still valid.
sharp lines are observed, corresponding to various electronic
transitions between crystal-field levels of theonfiguration. Il. EXPERIMENTAL DETAILS
Therefore, rare-earth ions serve as ideal candidates to
study crystal-field effects. Additional application of high  The fluorescence measurements of PrPr presented here,
pressure has the advantage of continuously tuning the intewere performed with the experimental setup described
atomic distances and therefore the crystal field, withoutecently? For the absorption spectra of PrPr, a halogen lamp
changing other physical properties like the point symmetrywas used.
of the rare-earth ion site or the chemical composition of the TheLOCI samples were synthesized in the crystal-growth
samples. laboratory of the University of Paderborn. Starting materials
The LOCI compounds crystallize in a tetragonal symme-wereL,0; with a fourfold excess ok Cl;7H,0, which was
try with space groufP4nmm The rare-earth ions occupy also used as fluxing agent. An appropriate amount gOPr
one site with G, point symmetry. X-ray diffraction mea- Wwas added to achieve a concentration of 1 mol % PrLn. All
surements oh OCI proved the phase stability up to pressuresmaterials were mixed together in a crucible and dried for 12
above 50 GP&,which is an important condition for the ex- h at 300°C and subsequently heated up with 100°C/h to
amination of crystal fields under high pressure and for thél000 °C in an Ar atmosphere. After reaction for 5 days, the
observation of large continuous changes of interatomic disfurnace was slowly cooled down with a rate of 5°C/h to
tances. 500 °C and subsequently with a rate of 50 °C to room tem-
The experimental results for PrLa and PrGd have beeperature. The excedsCl; was dissolved in distilled water
presented already in recent publicatidisThe spectra of and the final single crystals in the shape of smaH50
both samples were very similar, including the appearance gfim ¢) platelets were stored in dried Ar atmosphere.
new lines under pressure that could not be assigned unam-
biguousl_y. In this paper, the investigations were e_xt_ended to IIl. OPTICAL SPECTRA OF Pr 3*:PrOCl
PrPr mainly to verify whether the spectra show similar fea-
tures, while local distortions, present in the other samples, The measured spectra in the region from 11 000tno
can be excluded. 22500cm?! consist of fluorescence transitions from the
The knowledge of the variation of structural parameters idowest level of P, and 3P, to ®H, (J=4,5,6) and
necessary to perform the superposition md4ésM) analy-  °F; (J=2,3,4). As in the case of PrLa and PrGd, the fluo-
sis of the crystal-field parameters. As mentioned before, forescence originating fron?P, is much stronger than all
PrLa and PrGd, local distortions around thé Pion have to  other lines. However, in contrast to PrLa and PrGd, the fluo-
be taken into account. However, these local distortions canescence from théD, multiplet could not be observed nei-
be estimated from a comparison of the optical and structuraher by excitation with an argon-ion laser nor by resonant
data of the doped and the pure sample under pressure.  excitation with a dye laser. On the other hand, &g fluo-
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rescence turned out to be significantly stronger. Thus, foobserved pressure shifts, and temperature-dependent mea-
PrPr also transitions fromP; to 3F5 and 3F, were observ- surementgdown to 2 K) were taken into account.
able over a wide range in pressure. In addition, a former investigation of PriPRef. 10 was
Due to the high Pr concentration it was possible also tchelpful for comparison. Most levels found in the present in-
observe absorption spectra from the ground sfig to  vestigation are identical with the former work, however,
D,, 3Py, %Py, g and ®P,. The spectra were taken at some distinct differences exist. One important deviation is
different temperatures varying betwe2 K and 90 K. At2 K the assignment of the ground state. In the present case the
only the lowest level of*H, is occupied while at higher ground state was aSS|gned ttH,(E) whereas Antic-
temperatures the increased population of excited levels dfidancevet all® assigned it to®H,(A;). The assignment in
3H, leads to additional lines. From the selection rules forthe present paper is based on various reasons. Most impor-
electric-dipole transitions in £ point symmetry, it is pos- tant here is a temperature-dependent measurement of the ab-
sible to get information about the irreducible representatiorsorption spectra down to 2 K. At temperatures around 10 K
of the particular excited energy level that is involved in theonly the two lowest componenttH ,(E) and 3H,(A,) are
absorption transition. occupied. Thus, due to selection rules, only three transitions
Figure 1 gives an overview of the observed fluorescencéo 3P, are allowed(electric-dipole transitions These tran-
and absorption spectra of PrPr at ambient pressure and at Gs#tions can indeed be observed in the region between
GPa (marked withp) in the range from 13000cnt to  20700cm?® and 21000cm'. The levels of °P; in the
22500 cm L. The transitions fron?Py(A;) and ®P;(A,) to  present paper are in accordance with Ref. 10. Upon cooling
the ground stateH,(E) were not observed, probably, be- down to 2 K, only the lowest component 6H, remains
cause the emitted light was immediately reabsorbed withiroccupied. If the ground state would G&i,(A,), only one
the crystal. To assign the different lines, various informationline should remain, whereas in the casef,(E) as the
like group-theoretical selection rules, similarities to the specground state, two lines should remain. Because the later was
tra of PrLa and PrGd, preliminary crystal-field calculations,observed in our experiments, we assigned the ground state to
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be 3H,(E). This is in agreement also with results for Prisd.  TABLE . Experimental and calculated energy levels of
In connection with this observation, an interesting pointPr**:PrOCI at ambient pressure.

concerns the comparison of the ground level of all three

samples. For PrGd the ground level3s ,(E) and the first Energy (cm1) Energy (cm*)

excited level 3H,(A;). Under pressure a decrease of the Level Exp.  Calc. Level Exp. Calc.

E-A; splitting can k?e opser_ved. In _the case of PrPr at ambi3H4 E 0.0 207 *F, A, 68482 6828.1

ent pressure the situation is identical to PrGd. Under pres-

e _ A, 14.9 16.5 A, 68725 68553
sure, theE-A; splitting is also decreasing and even a cross- B 108.6 B 6912 5
ing of the two levels can be observed at around 21 GPa. The ' . 2 :
. . oo E 280.4 258.3 E 6930.9 6957.2
level crossing could be identified clearly from temperature- B 346.6 A 69720 69921
dependent measurements and from the different sets of al- 2 ' 1 ' '
lowed transitions before and after the crossing. Finally, for Az 463.7
TN ; A 4938 G, B; 9551.4
PrLa the situation is identical to PrPr at pressures above 21 1
GPa, thus the ground level #H,(A,) and the first excited s E 9762.8
level 3H,(E). Under pressure, this splitting simply in- Hs A, 21269 21344 Ag 9854.1
creases. In fact, this observation is quite unexpected, because ~ E 21333 21511 Az 9902.4
it is in contrast to the overall systematics just discussed. If B, 2178.5 B 9864.0
only the pressure shifts ofH,(A;) and 3H,(E) are taken By 2387.4 E’ 10033.6
into account, exactly the opposite pressure systematics is E’ 23808 2365.3 Al 10091.3
pressure  pressure A, 2355.7 2334.7
found: PrGd — PrPr — PrlLa. A, 2398.1 D, B, 16301.2 16292.8
Besides the lines which could be unambiguously identi- E” 2610.7 2580.8 B, 16653.0 16661.5
fied, four unknown lines are observable, marked with an as- Ay 16692.9
terisk in Fig. 1. The origin of these lines is still not com- 34, A, 4206.1 E 16759.3
pletely clear. However, their occurrence fits results for PrLa E 42499 4262.3
and PrGd, where extra lines could be .observed aIsp. Possib]e B, 4339.1 3P, A, 202445 20240.8
reasons for the existence of these lines were discussed in A, 4503.9
Ref. 4. _ _ _ _ E' 4496.0 %P, A, 207219 20728.7
In view of the number of lines and intensity relations for B, 4554 5 E 209045 208985

the transitions between the crystal-field levels of two given

. . Al 45722 45756
multiplets, the fluorescence spectra of PrPr are very similar

n 1
to those of PrLa and PrGd, not only at ambient conditions E, 46022 Tg A 20845.9
but also under pressure. It has been shown that the spectra of B} 4846.7 E 208341 208347
PrGd at ambient pressure corresponded to high-pressure B2 4854.1 B, 208533 208389
spectra of PrLa.Comparing the spectra of PrPr with PrlLa it s B} 21189.0
is found that the ambient pressure spectra of PrPr also corf2 Bi 4946.2 E 212388
respond to the high-pressure spectra of PrLa, but at a much B2 4996.3 Az 213614
smaller pressure than in the case of PrGd. This series, PrLa E 50315 5040.4 Ay 21451.1
pressure  pressure A; 5110.2 5109.4 E" 21597.7
— PrPr — PrGd, is also observable when the behavior B, 21568.8 21582.3
of the unknown lines is studied. In the case of PrLa theséF; E 6353.8 6342.2 B: 21589.8
extra lines are not observable at ambient pressure but appear B, 6391.2
only with increasing pressure. In the case of PrPr, already a E' 64052 6413.1 °P, B, 21857.6 21851.0
few of these extra lines can be seen at ambient pressure, B, 6410.6 B, 21913.8 21916.0
whereas in the case of PrGd all of them are observable from A, 64875 6504.2 E 221145 22110.2
the beginning. A, 22137.8 221450
In total, the fluorescence and absorption spectra of PrP¥e, g, 6755.1
allowed us to determine 32 energy levels at ambient pres- E 68095 68000 'S, A, 46148.5
sure. These levels are listed in Table I. Under pressures up to
16 GPa, 26 of these energies remain observable.
N
IV. PARAMETER CALCULATIONS Hri :k:OE’ZA,GkokjL £2, sili+al(L+1)+5G(Gy)
Various physical interactions determine the energy-level
scheme of the BF ion in a crystal. In general, the Hamil- +yG(R7)+Z Pkpk+2 M my.
tonian used to calculate the energy levels is divided into a K k
free-ionHg, and a crystal-field particr: A detailed discussion of this part can be found at various
places in the literaturt" For our purpose it is only important
H=Hg +Hcg. to recall that the free-ion interactions can be divided into

radial and angular dependent parts. The angular dependence
The free-ion part can be written as: can be calculated exactly, whereas the radial parts are treated
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TABLE Il. Free-ion and crystal field parameter of TABLE lIl. Relative decreaseA=AP/P (in percent of the
PPT:LOCI (L=La, Pr,Gd) at ambient pressure. Parametersfree-ion parameterg¥ and¢ under pressures up to 16 GPa.
marked with an asterisk were not varied.

PP*:LaOCI PP*:Procl PF*:GdOCI
PrR*:LaOCI PP*:ProcCl PP*:GdOCI
Eave -1.3(1) -1.5(1) -1.1(1)
Eove 9966 9947 9898 F2 -1.5(1) -1.8(1) -1.7(1)
F2 67291 (59 67288 (42 67107 (47) F4 -1.0(1) -0.9(1) -0.9(1)
F* 50141 (203 49747 (1770 49896 (172 = -0.5(2) -0.7(2 -0.3(2
Fé 32967 (113 32926 (91) 32881 (102 14 -1.0(2) -1.0(1) -0.6 (2
I4 742 (2 743  (2) 741 (2 N 32 26 30
a 22 (*) 22 (%) 22 (%) o 17.5 15.6 16.8
B -700 *) -700 (%) -700 (%)
y 1422 (%) 1422 (*) 1422 (%)
Mo 1.76 *) 176 (%) 1.76 (%) (2) In all the cases the decreases of the Slater parameters
p2 275 (%) 275 (% 275 (¥) can be ordered according toF?/F?>AF4/F4>AF®/F°,
B2 -860 (26) 670 (19 537 (23 3 Thg relative decrease of the spin—qrbit coupling pa-
B 411 (89) 518 (78) 581 (79) rameter{ is alwayg smaller than the relatl\ge changeFdf
B! 914 (53 803 (37) 788 (59) an(_jr rc]:ompal;able v¥|th the ch_an_iqestRf{ r';;m?F . -
6 ese observations are similar to the former high-pressure
0 e e e M Uie resuts for L3":laCl(L=Pr,Nd) (Refs. 7 and B
N 2 o6 20 Us*:LaCl, (Ref. 9 and SM™:MFCI(M=Ba, Sr, Ca):®
o 17.5 15.6 16.8

B. Crystal-field parameters

The HamiltoniarH ¢ for the crystal-field potential, intro-
as adjustable parameters. Their values are determined Vifyced at the beginning of this section, is described in terms
least-squares fits of the calculated and experimental energy g series expansion. Due to the,@oint symmetry at the
levels. The most important interactions are the Coulomb insjte of the P¥* ion in LOCI, however, only five terms of the
teractions, described by the Slater parameféfsand the  series have to be taken into account:
spin-orbit coupling, described by the spin-orbit coupling pa-
rameter. The other parametes, 8, y, M, andP* rep- Hcr=B3C@+BiciY+B5C{Y +BSC®) + BSC(E)

resent minor corrections due to configuration and further ) ) i . )
magnetic interactions. and therefore only five adjustable configuration fraction per-

The general crystal-field Hamiltonian in the one-electronc€Ntage(CFP Bq have to be varied in the fitting procedure.
approximation is usually written as: ~ The variation of the CFP with pressure for PrPr is shown
in Fig. 2. Compared with the former results on P(Ref. 4
B K ~(K) and PrGd included in Fig. 2, a very similar behavior under
HCF_kE BqCq - pressure can be noticed. The common characteristics are the
a following:
Analogous to the free-ion case, this Hamiltonian consists of (1) The absolute value oIB(Z) decreases with increasing
radial parts, described by crystal-field paramet@BP Bf  pressure. The relative changes are between 33% and 38% in
and angular part€{ , which can be calculated exactly.  the range from 0 GPa to 16 GPa.
The determination of all these parameters via least- (2) Also Bg decreases in its absolute value, but with a
squares fits is possible only if sufficiently large data sets argmaller relative change of about 15% to 18%.
available. Since this is not the case in the present paper, the (3) Bj} decreases also up to 16 GPa. However, in the case
values for some of the free-ion parameters were kept corof PrPr the relative change of 30% is distinctly larger than
stant(under pressudeThe results of the parameter fitting for for PrLa and PrGd, where it is only 15%.

PrLn at ambient pressure are summarized in Table II. (4) The B§ parameter shows a strong increase and relative
changes range between 50% and 66%.
A. Free-ion parameters (5) The decrease d8 is very similar for all three com-

and ¢ were treated as free parameters under pressure. THR€cause the statistical error Bf comes close to 100%.

observed pressure dependence for all three samples is very The parameter fits for each sample had to be performed
similar. All the parameters show a decrease with increasin@/ith different data sets. To avoid misinterpretations, these
pressure, caused by the weakening of Coulomb and spirits were also carried out with a reduced data set, which was

orbit interactions, Corresponding to the well-known nephelhe same for all three samples. This reduction of the data sets

lauxetic effect? The relative decreases of these parametersffected primarily the absolute values of the CBE, espe-

are shown in Table Il for PrLn under pressures of 16 GPacially of B, whereas the pressure dependence was only
The main results can be summarized as follows: slightly changed. Therefore, the fits were carried out always
(1) The relative decreases of the Slater parameters witlvith the largest possible data set for each sample to obtain

increasing pressure are similar for all samples. parameters with smallest statistical errors.
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T T T tion to the D, multiplet, also the energy levels dF, are
1500 |- not well reproduced i OCI. Different approaches tried to
solve this general probledi~*” According to one of these
I B suggestions'*®one can use a larger basis set in the calcula-
¢ tion, which includes wave functions also for excited state
1000 i configurations. The evaluation of the present data along this
route is still in progress and may be completed ston.
B* L2
o : B V. DISCUSSION
& 500 |- . :
aé A. Free-ion models
g | Pr**:LaOCl Pr**:PrOCI Pr*:Gdocl | Incorporation of a rare-earth ion into a crystalline envi-
A ronment results in a reduction of the free-ion energies. This
% ol . ] . so-called nephelauxetic effect is represented by a reduction
B“\ B & of the free-ion parameters. The same effect continues to act
| | under pressure, where the free-ion parameters show a further
_E:L/ B B, decrease.
500 ’ / i The reduction of the free-ion parameters in a crystal has
V‘ C— been attributed to different mechanisms. A well-known and
| s B% B?, | sucessful model is based on covalency effects, where two
~ .Bf’ N alternative approaches can be distinguistféd First, within
©n the “screening model,” the penetration of the ligand orbitals
£ 360 L 'ex;_ T e'xp_' ] to the central ion orbitals with decreasing interatomic dis-
2 sl - cale, —cctle. ] tances(corresponding to increasing pressuresults in a
= - 1 screening of the effective nuclear charge “seen” by the
@ S40F [~ Teszo s ] electrons. Within this approach the free-ion parameters are
SRR A T e related to the effective nuclear chargé by:*
0 5 10 150 5 10 150 5 10 15
Pressure (GPa) Fk~Z* and {~Z*3,
FIG. 2. Crystal-field paramete; (kq=20,40,44,60,6%and For the small changes of the free-ion parameters observed
crystal-field strengtts for PP*:LOCI under pressure. under pressure, these relations imply:
From the CFP it is possible to calculate an overall crystal- AFEK  AZ* A AZ*
field strengthS according to the relatioff: — = and —=3 .
F z* ¢ z*
1 1 1/2
S:[— > =——|BH+2> (R B§m+jB§m)“ _ Thus, the decrease of the Slater parameters should be
3% 2k+1 m>0 three times weaker than the variation of the spin-orbit cou-

pling parameter. However, the present results on Reae
O'I;able ) reveal clearly that the reduction of the spin-orbit
goupling parametef is less or at the most equal to the re-
.duction of the Slater parameters.

On the other hand, a second approach, called “symmetry
PrLa — PrPr — PrGd, which was discussed in Sec. lll. restricted covalency mode!,” expl_ains t_he decre_ase of the
However, the most astonishing feature here is an initial de[reg-mn pgrameters by th.e Incréasing mlxturg of !|gandfand

orbitals with decreasing interatomic distandes., increas-

crease ofS for PrLa as well as for PrPr. In both samples a. e This mixt Its | ded lecul
minimum can be observed, occuring at higher pressures fdpt9 pressur IS mixture resufts in expanded molecular

PrLa according to the “pressure rule.” Although, in general, orbitals and thus in a reduction of the spin-orbit coupling and

increasing pressure is expected to increase the crystal—fiefaom.omb. interaction between tﬁeeleqtrons. I_n a first ap-
strength due to decreasing distances betweerf #lement proximation, the Slater "’?”d spin-orbit coupling parameters
and its ligands, a decrease3tan be explained also within are given by the expressions:

the superposition moddkee Sec. VB if the geometrical
factors decrease under pressure in such a way that they com-

pensate the usual increase of the intrinsic parameters.  \yherebyN represents a renormalization coefficient in terms
Another common feature for many of the rare-earth ionsy¢ 5 gum including overlap intergrals and covalency

independent of the host material is the observation that SOM&arameter&? For small changes one obtains here:

specific multiplets exist, which are not well described by the

conventional crystal-field theory used here. A well-known K

example is the'D, multiplet of the P#* ion. This problem A_F:4A_N and ¥:2A_N

is observed also for the present samples. However, in addi- = N ¢ N -

This crystal-field strength and its pressure dependence f

PrLa, PrPr, and PrGd is also shown in Fig. 2. In general, th

observed changes with pressure fit to the “pressure rule
pressure pressure

FKk~N* and {~N?,
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TABLE IV. Relative decrease of the free-ion parameﬂé?sand ¢, the renormalization factadx and the
effective nuclear chargg* for PrLn with values for three pressure intervals.

Pr™:LaOCI PF*:Procl PFT:GdOCI
PressuréGPa 0-5 5-10 10-15 0-5 5-10 10-15 0-5 5-10 10-15
AF?
— (%) -0.48 -0.48 -0.46 -0.56  -0.56 056 -0.58 -054 -0.48
F
A
?(%) -040 -0.32 -0.23 -0.33 -0.31 -0.31 -0.33  -0.20 -0.10
2
CR:A_FZ Af 1.22 1.48 1.99 1.69 1.84 1.85 1.76 2.68 4.91
F
AN
W(%) -0.11  -0.11 0.12 -0.14 -0.14 -014 -0.14 -014 -0.13
%
(%) -0.06 -0.03 -0.0004 -0.02 -0.01 -0.01  -0.02 0.03 0.06
Z*

A useful quantity to distinguish both models is the covalencylow-pressure range up to 8 GPa. According to Table V one

ratio CR: findsa particularly small valu€ R=1.28 for PrLa and the
rather large valu€R=6.60 for U*":LaCls.
AF* /AL Further deviations from this model are noticed for other
CR= ? e rare-earth ions as for example ¥u High-pressure experi-

ments on Eti":LaOCI (Ref. 13 and Ed":GdOBr (Ref. 23

If only the screening model is responsible for the decrease agjave the valuesCR=0.49 and CR=0.56, respectively.

the free-ion parameter§ R should be equal to 1/3, if only These results indicate clearly, that the symmetry restricted

the symmetry restricted model is importa@R should be covalency model is not appropriate to describe the situation

equal to 2. An intermediate value between 1/3 and 2 wouldor EL** and also not for &":LaCls.

indicate that both types of contributions are essential. In summary, none of the two approaches described pro-
Following the symmetry restricted covalency model, thevides a consistent frame to describe all the differeste-

decrease of the Slater parameters should be twice as strongents and their high-pressure behavior. Therefore, a reason-

as the variation of the spin-orbit coupling parameter. Thisable way to account for all observations at the same time

behavior is indeed qualitatively observed in the present highseems to require the application of both models simul-

pressure experiments on PrLn as well as in former hightanously. Using both models, the variation of the free-ion

pressure studié§'3°and in many cases, the experimental parameters can be expressed as follows:

value CR fits close to this theoretical predictiqsee Table

IV). However, a closer inspection of all high-pressure studies AEK AZ* AN

shows thatCR=2 is not always observed. The deviations - - +4—

are most significant for PrLa and®U:LaCl; (Ref. 9 in the Fk z* N

TABLE V. Relative decrease of the free-ion paramefe?sand £, the renormalization factax and the
effective nuclear chargé* for PP, Nd®*, Ew*", Snt*, and U in different host lattices under pressures

up to 8 GPa.

AF? AL AF? /A AN AZ*

w0 T =/ WY O e
Ew':LaOCI -0.31 -0.62 0.49 -0.03 -0.19 13
Ew:GdOBr -0.26 -0.45 0.56 -0.03 -0.13 23
Nd**:LaCl, -0.70 -0.40 1.75 -0.17 -0.02 8
Nd®**:NdCl, -0.70 -0.30 2.33 -0.18 0.02 8
Pr*:LaOCI -0.77 -0.60 1.28 -0.17 -0.09 4
PE*:ProcCl -0.90 -0.52 1.74 -0.21 -0.03
Pr*:GdOCI -0.91 -0.46 1.95 -0.23 -0.01 5
PrP*:LaCl; -1.00 -0.50 2.00 -0.25 0.00 8
PPT:PrCk -0.90 -0.30 3.00 -0.24 0.06 8
St :MFCI -1.17 -0.39 3.00 -0.31 0.08 13
Us*:LaCly -6.60 -1.00 6.60 -1.88 0.92 9
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AL AZ* AN The different values for the same ion in different host
7 " +2W' crystals also confirm this general trend. For example, the
4 sequence PrLa, PrPr, and PrGd of isostructural hosts corre-
sponds to decreasing local distances around the i®n and
From the experimental decreaseB* andA ¢ under pres-  thus to an increasing internal pressure. The wave functions
sure, a simultaneous determination AN/N as well as  of the f electrons are thus expanding throughout this se-
AZ*/Z* is possible. The results for this evaluation of the quence, as shown by the decrease in the free-ion parameters
Slater parametefF? and the spin-orbit coupling parameir ¢ ampjent pressure. Accordingly, the valG® increases
are summarized in Table IV. To detect possible changes with,m pr 5 to PrPr and to PrGd and the same trend is ob-
;ﬂ?ézazggig:gnﬁ’:rgéf'z;' dtgg Ft)rrzs\s/:ﬁeg:ngearlz g;l\gﬂﬁs NQerved also under pressure. Furthermore, identical results are
: ' i i 3
smaller, leading to smalleXN/N and largelAZ*/Z* . How- Ezgaﬂr_]fdu for the isostructural sequence®RLCly and
ever, the general trends in a comparison of different pressure An. opZn question concerns the positive values for
ranges and different compounds do not change and all th 7*1Z* for PrGd above 5 GPésee Table IV and also for

conclusions drawn in the following discussion do not depen ) ) .
on the use of eitheF2. F4 or F8. Thus. because of smaller SOMe other compounds listed in Table V. Positive values for

statistical errors and because the absolute values and pressf}i$ auantity are of course related to a value larger than two
dependencies of the Slater paramét&in comparison t¢=4  for the CR. A value larger than two means, that even the
and F® are less affected by the choice of the data sets, theymmetry-restricted covalency model cannot account for the
values forF2 are used in the following discussion. much stronger changes in the Slater parameters with respect
For all present PrLn sampleaN/N contributes the larg- to the spin-orbit coupling parameter. These unusually strong
est part to the decrease Bf and ¢. Only for PrLa in the changes can be described in the combined model only if the
low-pressure range\Z*/Z* contributes significantly. This effective nuclear charge increases.
corresponds to a value f@R closer to 2 than to 1/3, which It is not clear whether an increase in the effective nuclear
shows that the decrease B and ¢ is mainly caused by charge is reasonable. In principle, such an increase could be
symmetry restricted covalency in the PrLn samples. It can bexplained by an increased covalency between the inner shell
noticed also that the importance of the central-field covaelectrons and the ligands, leading to a charge transfer from
lency AZ*/Z* decreases with compression until its sign isinner shells to the ligands and thus to an increase of the
reversed as for instance in PrGd around 5 GPa. This can hsffective nuclear charg&* for the f electrons. This effect
seen in Table IV as an approach©R towards the value 2 could be called “antiscreening.” On the other hand, if the
and in the case of PrGd as an increase beyond the valuegifective nuclear charge does not change at all at strong com-
above 5 GPa. The sign reversalil*/Z* for PrGd towards pression, it would mean that the symmetry-restricted model
positive values above 5 GPa could reflect an antiscreening @fannot describe the situation at strong compression or for
thef electrons and will be discussed later in more detail. strongly expanded wave functions.

_ So far the effects dge to symmetry—restricted z;nd central- |, any case, the analysis of the free-ion parameters for
field covalency were discussed for’Prin the three isostruc-  py| , and also for other rare-earth ions in different host ma-

tural LnOCI host materials only. Further information can be o515 ynder pressure leads to a coherent picture. The nephe-

obtar:ngd fromd different host lattices a:”nd from other .rared'lauxetic effect can be described by a combination of central-

'(Ia'grbtle |\0/n:|~7nu;:| g;sgr:‘c‘esxfeebtsfg:nébrtiseuéchézsséj?&gagze #81d an_d symmetry-restricted covalepcy and depends on the
' expansion of thé electron wave functions. Only at very high

la};girt:‘zagoﬁirgérlﬁgf’é t|?1€thsg?ar2:t;¥éesggifgC%?:{Z:?ncy pressures or in the case of strongly expanded wave functions
piay ‘ u Y: " the results from this model are not completely clear.

the spin-orbit coupling parameter decrease more strongly
than the Slater parameter, which leads to the conclusion that
the central-field covalency is dominating here.

The EG" ion is, compared to Bf, Na®*, Sn?*, and
U3+, the ion with the least expandedf Ayave function. The CFP discussed in Sec. IV B, still contains all the
Therefore, one may conclude that the Symmetry_restricteétructural .information .a.bout the |O(.:a| environment. Thel‘?-
covalency becomes increasingly more important when théore, at this stage a direct comparison of CFP values with
wave function is expanded. This view is supported veryesults from other hosts is not reasonable. A.transferable set
strikingly by the data for &, whose 5 wave function is of parameters can be generated however, if the structural
much more expanded than thé wave functions of the other information is extracted as illustrated by the SM, which re-
ions in Table V. For 3", the decrease d%2 with respect to QUces thg CEP to a set of intrinsic parz_ameters, depending on
¢ is very large indicating that the classical central-field co-intératomic distances and the type of ligands only.
valency does not play any significant role anymore, however [N fact, this model is based on the assumption that the
the positive sign 0AZ*/Z* can be interpreted as a result of crystgl-ﬂgld compon.ent's' are qddltlve and bwlltup from the
a special “antiscreening.” contnbunons of _the individual ligands. Interactions between

These observations fit also to the high-pressure results i€ ligands are ignored thereby. In general, only the nearest
Table IV, which show an increasing influence of the symme-€ighbors are taken into account. Within the SM, the phe-
try restricted covalency with pressure as a consequence @pme_nologlcal CFmB, can be expressed by intrinsic param-
the progressive expansion of the wave functions. etersB, and geometrical factor,, as follows?*

B. Superposition model
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TABLE VI. Local distortions of distancef\R,, (pm) and
anglesA 6, , (°) around the central ion with respect to the structural
parameters of the host. The pressure dependence for each quan

The quantitiesBL(RY) andtt are treated as adjustable
ﬁg;rametersRE is a reference distance that can be chosen

is given byAX=AX,+AX,p (GP3. arbitrarily. The intrinsic fit parameterE'l;(RO) and the dis-
tance dependencies, represented by the expor(pmﬁn be
LaOClI GdOCl deduced from the CFP only if the variations of the bond
AXo (pm)  AXp (pm/GPa AX, (pm)  AX, (pm/GPa  angles and distances between the centrdl Ron and its
AR 35 0.29 44 016 ligands inLOCI _under pressure are well known. o
AR, 17 035 20 0.09 From x-ray diffraction and extended x-ray-absorption fine
AR 33 007 6.0 0.00 structure measurements dnOC| (L=La, Pr, Gd) under
o) . . . . .
AXo (%) AX, (PIGPa)  AX, (%) AX} (°/GPa) pressure, it was at f|rsf[ pqssuble to determine the distances
Abg 0.4 0.03 10 0.01 and angles around tHeion in the pure sampleSHowever,

for the doped samples PrLa and PrGd, the local distortions
around the FY" ion must be taken into account also.

One method to estimate these distortions is based on the
o assumption that the energies of the crystal-field levels of the
Bg(r)z E Bi(r,R)Kyq( 95, 9j). Pr* ion are mainly determined by the nearest neighbors and

! their geometrical arrangement. This means, that all the en-
ergy levels of Pt" in two different isostructural hosts are
only equal, if the nearest neighbor distances and angles are

. Iso the same. According to this consideration, the spectra of
not make any assumptions about the nature of the cryst rLa and PrGd were compared with those from PrPr, which
f@eld, its Intrinsic parameters can account for all th_e interacis used as the reference material without local disté)rtions.
tlons'that oceur between'etrelectron of the central ion and The exact procedure to determine the local distortions with
one ligand. The geometrical factdk§, only depend on the this method were described in detail previously.
angular coordinate#; , ¢; of the ligands. The effect of pres-

i ; .. Based on this method, Table VI gives the local distortions
sure on these geometrical factors can be calculated directly ]lBr the PP* ion in LaOCI and GAOCL. The final results for
the structural changes under pressure are known. :

The P?* ion in LOCI is surrounded by four O ions the intrinsic fit parameterEk(Ro), taking into account the
located in a plane below the central ion at the distaRge local distortions in the case of PrLa and PrGd, are shown in
four CI” ions in a plane above the central ion at the distancérable VII. The analysis was carried out for the pressure
Re., and one CI ion above the CI plane at the distance '2N9€ UP to 10 GPa, for which structural data are available
RcL/ . The sum of the contributions from these ligands givefor all host materials. For the present PrLn samples, the

for the crystal-field parameteBS with k=2,4,6 k=q) the local distortions led only to minor changes in the intrinsic fit
forms: parameters.

As mentioned before, changes in the geometrical factors
can account for a decrease in the crystal-field strength, even
though the intrinsic parameters are steadily increasing with
- o decreasing distances. The decrease in crystal-field strength

BX=4B2(Ro)K,+ 4B (Re)K S (3)  may be either due to decreasing values of the geometrical
. o factors themselves or to changing contributions from differ-
For every ligand. (L=Cl or O) a set of three intrinsic pa- ent ligands with opposite signs of the factors. This is exactly
rameters§k exists. For the distance dependence of the intrinwhat can be observed in the present paper. Although the
sic parametergk a Simp|e power law is Common|y used: intrinsic parameters increase with fjeCI’eaSing d|5ta('m
Table VII), the calculated crystal-field strength, especially
)tk for PrLa, turns out to decrease under pressure. This is dem-

Abg 0.0 -0.04 0.4 -0.04

The intrinsic parameter‘gk should depend then only on the
kind of the ligandj at the distanc®; . Because the SM does

BK=4BQ(Ro)KS+ 4B (Re)K G+ B (ReIKS , (2)

RO
Ek(RL>=§k<RE>(—

L onstrated in Fig. 2, where the calculated crystal-field strength
R

has been added to the figure.

TABLE VII. Intrinsic crystal-field parameterén cm™ 1) for PrLa, PrPr, and Per&Bg represent special
shifts for B§ andBj explained in the text.

R§'=316pm  BY(R) 1§ BY'(R) &'  BY(R) t§'  AB B
Pr*:LaOCI 90626) 5(2) 17225 10(2) 181(43 11(2) 351 327
Pr*:ProcCl 90836) 5(2) 189298 13(2) 308128 2 205 226
Pr*:GdOCI 89884) 5(2) 16331 12(2) 29843 9(2) 150 190
RG=235pm  BY(R) 7 BY(R) &  B{(R) 1§

Pr*:LaOCI 2229177 -1(1) 722(69) 8(3) 214(24) 12(2)

Pr*:ProCl 1819189 -1(2) 70547) 7(3) 27250 10(2)

PP*:GdOCI 160770) -1(2) 69323 9(2) 236(22) 11(3)
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The intrinsic fit parameterggl(Ro), tg', §6O(Ro): andtg pecially in the case of long-range electrostatic interactions it
were determined from a least-squares fit of the calculatewas shown, that for example in the case of ELIErF,,
CFP BS and BS under pressure. However, in the cases ofdistinct changes of the CFP of up to 30% can be expetted,
PrLa and PrGd, the parame®} could be described only if which would explain the Iarzge_: corre_:ctlons necessary here.
a negative exponenf was used. So far, neither experimen- I_:or_k=2 only one_CLFPBO IS avia|_lable to determ!nfa_ the
tal studies noab initio calculations gave any hints for nega- intrinsic parametersB;. In addition, from ab initio
tive exponents fok=6 intrinsic parameters. Since tm calculationé® it is known, that especially this parameter is
parameters contain large statistical errors, it appeared to g&rongly effected by long-range electrostatic interactions in
more reasonable therefore to exclug from the determi- ~contrast to the assumptions of the SM. Despite these limita-
tions, values forgg(RO) and té were determined and in-

nation ong parameters for PrLa and PrGd. These results ar .
shown in Table VII. cluded in Table VII.

With this procedure, the absolute values calculatechpr . A closer inspectﬁon of Table VII revegls that the intringic'
of PrLa and PrGd are deviating from the experimental val-f't parameters obtained for the chloride Il_gqnds are very simi-
ues, however, the pressure dependencies are reprodué@tﬁfor all PrLn samples studled_so far. It is interesting to note
quite well. This observation further justifies the decision tothatab initio calculations for thB3' parameter yield similar
excludeB§ from the determination of the intrinsic fit param- results as the experiment.
eters also from the point of view that the statistical uncer- However, in the case of the oxygen ligands two interest-
tainties effect the absolute values of the crystal-field paraming features can be noticed. First, one finds negative values
eters more than the pressure dependence. for the exponentS and second, the absolute value of the

Within the estimated uncertainties, Table VII shows that gntrinsic fit parameteBS(R,) is unusually large and varies
common set qf intrinsic fit parameters wilt=6 can be strongly from one compound to the other.
found to describe all samples studied here. One remarkable |, fact, the negative value fdg is reproduced by thab

difference is only observed in the caseB§'(R,) for PrLa. initio calculations’ However, the experimental value for the

However, this difference is caused here only by the use 0gO(R ) parameter is much larger than the calculated value.

different data sets in the determination of the @R Ifthe  This discrepancy could be related to long-range electrostatic
CFP determined from identical data sets for all three samplegteractions.

are used, very similar values %’(RO)wZSO(SO) cm?tare In the case otk=4 and k=6, in total four quantities
obtained for all PrLn samples. BY(Ry), B(Ry), t¢', andt? for the two intrinsic parameters

More serious difficulties were encountered in the case ofgr chloride and oxygen ligands had to be determined. In-
the intrinsic parametergk. In this case, four intrinsic fit deed, four experimental quantities were measured, the abso-
parameters have to be determined, two absolute valudgte values ofB and B at ambient conditions and their
E?'(RO) andgf(Ro) and two distance dependenci§Sand  pressure dependenciese explanations abovéiowever, in
tQ. In principle, the determination of these parameters ighe case of th&=2 intrinsic parameters, only one CF33
always possible because four experimental quantities exist &1d its pressure dependence is available. Therefore, the num-
well, namely, the absolute values Bé and Bi and their ber of experimental quantities is smaller than the number of
respective pressure dependencies. However, a simple |eaditrinsic fit parameters to be determined. From this point of
squares fit of the intrinsic parameters led to absurd resultéiew, it is easy to find intrinsic fit parameters that exactly
here. For example, for PrLa both exponetjtsandt? turned ~ describe the single CFBj. Therefore, these parameters can
out to be negative. Forcing the exponents to some positivgbsorb also effects that are not included in the SM, with the
values, it was found that in none of the samples it was posconsequence, that the experimental intrinsic parameters can
sible to derive the absolute values of the4 CFP with  deviate strongly from thab initio calculated values.
reasonable error limits. If the reason for the constant corrections in the case of

Reasonable and consistent values for the intrinsic paran=4 parameters is assumed to lie in Iong-range electrostatic
etersB} could be obtained only by the introduction of two interactions’?> the contribution to the CFBJ should be even

further parameter$83 and ABZ‘ in the fitting procedure. more pronounced. However, these contributions may not re-

These parameters represent pressure independent constantd! In difficulties with the singléB; parameter, but may lead
added to the calculated CFP. The values for these quantitig¥!l¥ {0 unusually large values for the intrinsic fit parameters.
are also listed in Table VIL. Therefore, it may be argued that the much larger values of
These necessary corrections for the GPandBZ can-  the intrinsic fit parameterB3(Ro), compared to thab initio
not be explained by uncertainties in the absolute values dugdlculations, are due to omitted long-range electrostatic in-
to the limited energy level data sets, but clearly indicate limi-teractions. In this context, also the behavior B} and
tations of the SM itself in the case of theéCl compounds. BY(R,) in the sequence PrLa-PrPr-PrGd should be men-
The problem seems to be related mainly to the absolute vationed, which points to a common reason for these discrep-
ues calculated foB§ and B, whereas the pressure depen-ancies.
dencies are described well, when the constant corrections To compare the results for PrLn of the present paper with
were taken into account. This suggests that a part of the CFéther experimental data found in the literature, Table VI
consist of interactions which are not included in the SM, likesummarizes intrinsic fit parameters for various rare-earth
long-range electrostafitor ligand-ligand interaction® Es-  ions in different host materials. Due to the special difficulties
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TABLE VIII. Intrinsic crystal-field parameters of various rare- with high-pressure studies, actually is much larger. There-
earth ions in different host materials. Bold numbers indicate datdore, from this deviation alone one cannot infer that the as-
where the values with the given statistical errors deviate signifisumptions of the SM are invalid. A similar problem exists

cantly from the average values. for case(3). Both cases represent singular exceptions from

the general trend and may be explained by difficulties arising
R§'=316 pm BS(Ry) ti BY(R) ts& Ref  from different data sets or local distortions.

More seriously are the deviations of cadg. One pos-

PP*:LOCI 17928 122) 29238 102) sible explanation may be related to long-range electrostatic
PP*:LaCl; 20433 5(4) 16142 72 8 interactions, which cannot be accounted for by the BM.
Prt:Cs,NaPrCy 17635  8(4)  11222) 126) 28 However, at least for thk=6 parameters these interactions
Nd®*:LaCl 149490 422 187460 62 8 should have a negligible influence, which rules out this in-
et :LaCly 191(-)  6(1) 230-) 6(1) 29 teraction to explain all differences.
Average 17917)  7(2) 19619  8(2) The present paper is the only case in Table VIII that pro-
R9=235 pm BO(Ro) tQ BO(Ro) t  Ref. vides da}ta frpm twq diffgr(_ent ligands around the central ion.
PR+ LnOCI 706046) 8(2) 24132 11(2) From this point of_ view, it is not clear _vvhe_ther_ further prob-
Nd®*:Nd,O, 827129  6(-) 44043 6(-) 2 Iems for the.appllcz_itmn Qf the SM arise in this case QUe to
P La,0, 1219244 10(5) 32465 11(6) 29 omission of I|gan_d-llgand |nte'ract|_ons. In. a study on?3nn
P La,0,5 956192 1005 41483 116) 29 s_ollds Wlth ch_Ionde qnd fluoride Ilgan%Pslt was found that
AP LaAlo 1042208 105 1114223 116) 29 !lga_nd_-llgand interactions may lead to distinct changes of the
Avera.ge 3 90580 93) 35530 10(3) intrinsic parameters if two different ligands are present. In

that case, the intrinsic parameters of the chloride ions in-
awithout local distortions. creased and simultaneously, the fluoride intrinsic parameters
BBO(R,) for ELP*:LaAIO, was not taken into account. decreased. In this sense, ligand-ligand interactions could be

responsible for increased chloride and decreased fluoride pa-

for the k=2 parameters just mentioned aboke: 2 values rameters, which would explain also the deviations found in
are rarely given in the literature and thus ohly:4 andk  the present PrLn samples.
=6 parameters are listed. As already mentioned, the intrinsic N @ny case, present high-pressure results can be ex-
parameters depend only on the type of ligand and its distand¥@ined only if one releases some of the assumptions typical
to thef element. Thus, in a first approximation, in the scopel©f the SM. Thus, the high-pressure studies reveal clearly
of this model, different rare-earth ions can be directly com-imitations of the SM, possibly caused by long-range electro-
pared and should lead to similar parameters. For PrLn aftatic or ligand-ligand interactions.
average value of all three samples is given in Table VIII.

In the case of Pr':Cs,NaYCl, as well as for all samples
with the EG" ion, local distortion around the doped ion  The comparison of the present energy level shifts for PrPr
were not taken into account. However, according to previousinder pressure with former results on PrLa and PrGd shows,
investigations on N&:LaCl;,® L?2":MF,(M=Ca, Sr,Ba) that the samples can be ordered in the pressure series PrLa
(Ref. 28 and SM":MFCIl (M=Ba, Sr)(Ref. 13 the local  pressure  pressure
distortions may result in changes of up to 50% for the expo- — PrPr — PrGd. The free-ion and crystal-field param-
nents and up to 20% for thBE(R,). These uncertainties eters derived from the energy-level shifts fit to this “pressure
were used as estimated errors given in the table for the confule.” . .
pounds without considering local distortions. The observed reduction of the free-ion parameferand

The table also gives average values for the different in£ correspond to the Nephelauxetic effect and were explained
trinsic parameters. In general, only a few values deviate sigby & combination of the central-field and symmetry-restricted
nificantly from these average values, as indicated by bol@ovalency model. Analyzing the high-pressure results as well
numbers. This observation indicates that the SM can be use&$ literature data at ambient pressure, a general trend for the
as a common frame to analyze the CFP. However, the devidelative importance of these two models could be derived.
tions have to be taken serious and in fact clearly show théccording to this, the symmetry-restricted covalency be-
limitations and difficulties that may arise within this model. comes more and more important the larger the expansion of

In detail, the following deviations appear to be significant: the f electron wave function is.

(1) in the case of PrLn the chloride valueg andgg'(Ro) The crystal-figld parameters were analyzed in terms of the
— SM. Although this model provides a consistent frame to de-
are both unusually large, whereas the oxygen vaBR®R,)  scribe some ambient as well as some high-pressure results,

and Bg(R;) are both unusually small, (2) for  certain deviations are noticed. Especially the present high-

Pr*:Cs,NaYClg the parameteBg'(Ro) is unusually small, pressure data for hosts with two different ligands require

and finally (3) for EG**:LaAlO; the parametegg'(Ro) is mod|f|.cat|on's of thg SM, possmly related to Iong—range elep-

unusually large. trostatic or ligand-ligand interactions that are not included in
In case(2), the intrinsic fit parameters were determinedthe SM.

from a comparison of the CFP forPr.Cs,NaYCls with that

for PP*:LaCl;. In both compounds local distortions were

not taken into account. Thus, it cannot be ruled out that the This work was supported by the Deutsche Forschungsge-

estimated error of 20%, which originates from experiencesneinschaffDFG) under Grant No. HO 486/21.

VI. CONCLUSIONS
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