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Ab initio calculation on crystal fields of Snt* in solids with Cl and F ligands
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The linear combination of atomic orbitalsmolecular orbitals crystal-field theory in the context of the
superposition model was used to calculate the intrinsic crystal-field parameters6ri@m in solids with Cl
and F ligands at different interionic distances. The five main contributions: point charge, charge penetration,
exchange, overlap, and covalency considered in the present work can reasonably describe the experimental
results. A direct comparison between divalent and trivalent lanthanide ions leads to the conclusion that the
initial intrinsic crystal-field parameters and the power-law exponents corresponding to the distance dependence
for divalent lanthanide ions are larger than those for trivalent lanthanide [i60$63-182008)03434-1

. INTRODUCTION trivalent RE™ dopants in oxide and halide host latti¢g$:1°
In the SM, phenomenological CF parameters are resolved
The crystal-field CF) properties of luminescent rare-earth into distinct physicalradia) and geometri¢angula¥ contri-
(RE) and transition-metal ions have been extensively studie@utions. An important potential advantage of the SM formu-
over the past three decades and continue to attract attentigstion is the transferability of radial parameter values. Once
because of the practical applications of optical materials acragjial CF parameters are obtained in one system for a given
tivated by these ion: Experimental methods for obtaining central metal ion-ligand pair, the theory predicts that within a
CF energy levels through optical spectroscopy are well degj e rescaling to account for differences in nearest-

veloped and a variety of systems have been thorouwﬂ}ﬁeighbor bond lengths, the values are valid for the central

,5-8
analyzed: metal ion in all systems involving the same ligand. In prin-

a Lr;i;ﬁ'ecnﬂlgxﬁg'?;n;?lcog Jee:rtglrieli thea?legalzm;E::l;n Ofciple, the transferability extends even further because the CF
P 9 P @suallyB,) %fects are strictly properties only of the ligands, which

consistent with measured CF energies and that can be used . . .
means that radial parameter values obtained for a given cen-

predict the energies of states not directly measured, Currerg}al metal ion-ligand pair should also be valid for other metal
experimental directions include an extension of optical tech: g P

hiques into the ultraviolet to probe higher lying st&t¥and ions coordinated to the same ligand when allowance is made

the characterization of long-wavelength transitions in lowfor differences in bond length. o
phonon energy systems. The purpose of th|s_ paper is to ex_plore the application of
Theoretical methods seek to predict, from first principlesthe SM to CF effects in divalent RE ions. Divalent RE*
or in a semiempirical manner, the effect of a crystal lattice orlONS are currently of interest as activators in scintillation ma-
the energies of valence electron states of RE and transitiofierials, optical recording materials, and solid-state tunable
metal ions through calculations of the experimentally derivedaser material$®~>* A number of luminescence studies of
phenomenological CF parameters. Theoretical models rangéivalent RE* ions have been reported and phenomenologi-
from simple, nearest-neighbor electrostatic approdéies cal CF parameters are available for several systérfs?
more complicated ligand fietd and extended latti¢é ap-  From a theoretical point of view, however, CF effects in
proaches that seek to include covalency and long-range etlivalent rare earths have been much less studied. We expect
fects. For simplicity, most of these models assume that th¢hat overlap and covalency effects in divalent’REBsystems
CF experienced by a RE or transition-metal ion in a solidwill be intermediate between those of trivalent REand
arises from simple additivity of contributions from individual transition-metal systems. The divalent rare earths therefore
lattice ions. Depending on the model and the degree of apsrovide a fruitful test for the extent of applicability of the
proximation, the number of contributing lattice ions variesSM and provide a useful experimental and theoretical bridge
from only nearest-neighbor ligands to the entire lattice. between the more ionic trivalent RE dopants and the more
The most commonly used ligand additivity models in- covalent transition-metal dopants.
clude the simple point-charge modélthe superposition We will present theoretical predictions of CF parameters
model (SM),*° and the angular overlap modéAOM).*®1”  based on the SM for St in MFCI (M =B&", SP*, and
The point-charge model is most effective in the limit of pure C&*) host lattices. The predictions will consider contribu-
ionic bonding while the angular overlap model is normally tions from point-charge, charge penetration, exchange, over-
used for systems with significant covalency contributionslap, and covalency effects. The analysis will also include a
(normally transition-metal ions in organometallic com- discussion of the effect of SM—F~ and SmM"—Cl~ bond
plexes. The SM is formally related to the AONRef. § and  lengths on the magnitude of the CF parameters. The
can be viewed as an extension of the point-charge model idistance-dependent theoretical predictions will be compared
which small covalency contributions can be incorporatedio recent high-pressure studies of the 2$aMFCI
The primary applications to date of the SM have focused orsystemg®2’ In these studies, high pressure was used to sys-

0163-1829/98/5®)/53059)/$15.00 PRB 58 5305 © 1998 The American Physical Society



5306 YONGRONG SHEN AND KEVIN L. BRAY PRB 58

tematically vary the CF strength and 3ligand bond ER= (ol Heom,
lengths. As a result, it was possible to experimentally char-
acterize the effect of bond length on CF parameters. These

— -1 -1

results will be used to test the predictions of the SM. Em=2 ET (emXAr 2 lemx ) —4(emlr lom |,

Il. THEORETICAL ox 2 1
. . . Em=— ¢ T M Pm/»
In the SM, the CF experienced by a central metal ion is m T (@XM 12 [ x-¢m) @

given by a sum of contributions from ligands in the nearest-

neighbor coordination shell. Each nearest-neighbor ligand is ov_

presumed to perturb the free ion valence orbital energies in- Em= _ET (@ml X7)(Nmr1 +2Nmz2),

dependently with the combined effect of all ligands consti-

tuting the overall crystal field. The contributions from indi- 2
vidual ligands are further resolved into distinct physical and (E NmTi)
geometric factors and these are related to the phenomeno- gﬁgzz '—,
logical CF parameters through T D,
- with
Bq= 2 Br(RLKq(L), 1
K L ! NmTl:<(Pm|XT>(E4f_67+U++U7+R71)1

whereB(R,) andK4(L) are referred to as the intrinsic CF

parameters and geometric coordination factors, respectively. Nm72=2( > emx I xoxs ) — 4ot X,
The coordination factors depend only on the angular posi- 7

tions of the nearest-neighbor ligantlsand can be deter-

_ -1
mined experimentally through x-ray or neutron diffraction. (emxalr 1z [xox7).

The intrinsic parameterB,(R,) depend only on the ligand -1 L — 1
type and the interionic distand® between the ligand and N3 = (eme|r 121 X-0) — (@mlx X ex-Ir 2 lex-).

the central metal ion. The intrinsic parameters account for all e —— —— — 1. —
physical interactions present at the central metal ion due tP=€s—€,+UT+U" +(0o|r; [ee) —(oxry X #).
the individual nearest-neighbor ligands. Depending on the (5)
system, these interactions can include both electrostatig, Eq. (5), e, is the free ion 4 orbital energy and, are the
(point-charge and charge penetrajiand contactexchange, free ligand ions andp orbital energiesU™ andU ™ are the
ligand overlap, and covalencgontributions. Assuming that  \jadelung potential energies of electrons on the positive and
the coordination factors are known, EG) can be fit to the negative ions, respectively, and therefddsg +U "~ repre-
experimentally derived; to obtain values for the intrinsic sents the interaction of the rest of the host lattice with the
parameters. formed ion pair.R is the interionic distance between the
Theoretical calculation of the intrinsic parameters can bgentral RE ion and the ligand ions andis the ligand elec-

accomplished througf tron position referred to the ligand centepr?is used to rep-

B K\1-1 resent the radial #wave function.
B=(2k+1)[(21+1) 0 0o O” Each of the contribution§}y, £, £, £, andE can
be substituted directly into E2) to obtain the contribution
[ | I Kk of each of the five physical interactions under consideration
X > (=1 Ems (2)  totheintrinsic CF parameters. The electrostatic contributions
m= -~ -m m 0 ERvand£P are easily formulated in terms of the radial inte-

; -1
wherel andm are the orbital and azimuthal angular momen-9ralsTy for the matrix elementéen|r ~|m) andTy(7) for

= -1 .18

tum quantum numbers of thef 4electrons and<,, are the (emxlr iz emx):

one-electron 4 orbital energies upon combination of free 3 3 K\/3 3 Kk

ion 4f wave functionsp,, with ligand orbital wave functions (omlt Yeom=7> T
. el em) _ k

X+ (S, 0, Pax, Pry) to form molecular orbitals. For S, k \0 0 0/\-m m O

the energie<’;,, contain both electrostatic and contact contri- 51

butions and can be written

Em=ERHEP+ £ £+ £0, &) (qomxrlfizllwmx»ﬂgk (
where&PS, £P £, €Y, and £ denote the point-charge, _
charge penetration, exchange, overlap, and covalency contri- These results and Eq2) can then be used to obtain a
butions, respectively. The eigenvalue problem for the metalSimple expression for the electrostatic contributions to the
ligand system can be solved by a diagrammatic méthmatd  intrinsic CF parametersB,=T, (assuming that the ligand

the contributions to the overall eigenvalugs can be ex- €lectrons locate far from thefdorbital we haveT,=(r*))
pressed in the following form& for the point-charge contribution ar8,=2T,(s) +6T.(p)

33k)(3 3 k

00 0 )Tk(T)-

-m m O
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TABLE |. Overlap integrals ¥ 10?) and matrix elements (cnt) at different distanceR (a.u) between
Snt* central ion and Cl or F~ ligands.

R(Sm-CI) R(Sm-B
6.206 5.606 5.006 5.004 4.404 3.804

(4f|s) 0.3981 0.7531 1.3565 0.8420 1.7752 3.4439
(4f| o) 0.8132 1.2342 1.8098 1.5178 2.2796 3.1737
(4f| ) 0.4339 0.7455 1.2779 0.8635 1.6096 2.9150
(4fq|r Y s) 363.8 795.4 1673.9 1219.7 2857.3 6234.8
(4f0|r[l|o> 697.0 1241.4 2160.3 1820.3 3341.6 5814.8
(4F|r [ 7) 283.7 561.7 1117.2 795.5 1742.9 3751.4
(4fs||s9) 338.6 721.8 1469.0 1109.9 2558.8 5473.1
(4fys||os) 675.4 1180.8 2000.0 1720.4 3080.1 5172.6
(4f,s]|s) 279.0 546.5 1070.0 766.8 1654.0 3483.8
(4f,p||sp) 3185 669.1 1338.7 1059.4 2430.8 5173.4
(4fop||op) 646.6 1111.8 1845.0 1666.4 2952.2 4896.9
(4f.p||7p) 271.8 526.4 1016.1 750.7 1606.8 3354.3
<4f04f_||54f_> 264.6 529.7 1020.2 546.8 1290.5 2840.5
<4fo4f_||o'4f_> 624.5 992.7 1555.8 1263.4 2063.4 3219.4
(4f,45]| waf) 317.8 560.2 996.0 653.9 1289.2 2500.4
S (4fgr|| 741 4) 11.9 29.7 71.6 57.5 151.2 375.7
S (4f 7] r4f,) 2.0 6.1 18.2 9.7 34.3 115.7
T, 861.4 1168.7 1641.2 1643.2 2409.8 3734.3
Ta 54.2 90.1 158.6 158.9 299.8 614.5
Ts 7.2 14.7 32.3 324 77.6 203.0
To(s) 860.9 1166.3 1629.9 1637.1 2395.8 3682.5
Ta(s) 53.8 88.0 148.9 156.9 289.3 557.3
Te(s) 6.9 13.2 25.3 30.6 66.8 144.8
T,(p) 844.7 1126.3 1531.8 1625.2 2346.4 3509.8
T.(p) 49.3 76.6 120.6 148.5 261.7 476.8
Te(p) 5.6 9.8 17.0 26.5 55.0 116.7

—8T, .fo.r the charge penetration contribution. quat@)l =%<<Pm|XT>2[<€Dm<Pm|fI21|<Pm<Pm>

can similarly be used to evaluate the contact contributions to

the intrinsic CF parameters oné&*, £2', and £ are cal- +2(PmxAT 121 emx ) + (XX AT 121X X ) ]-

culated.
In the SM, the distance dependence of the intrinsic param- Slg}er;type radial wave functions were used for’Sm
eters is expressed in terms of an empirical power-law rescal4f),”” F~ (2s and 20),* and CI' (3s and J) (Ref. 33 to

AR (R =R, ; Iculate the integrals. Thab initio calculation was per-
ing Bi(R) =By(Ry)(Ry/R)%, whereB(R,) is the value of ¢2 : _Inito - caleu
the intrinsic parameter in a reference system. Knowledge ofP'med at seven different interionic distanceR, Ry

B(R,) and the power-law exponent permits a prediction —0.2nwith n=0. - -6), whereR,=5.004 a.u. for F ligands

of intrinsic CF parameters for other host crystals of the Samgvgiioa:rr?éfjogu?gﬁ fgrPCCI: l:/%i‘m das .s-gzgi ‘,f”ri Sde g\} e?g&%”?g%%
ligand.

Pascal Program. The necessary two-center integrals for
Sntt—F~ and SM*—CI™ ion pairs at three different inter-
ionic distances are collected in Table I.
All of the two-center integrals in Eq$4) and(5), except Itis noticed from Eqgs(2) and(3) that the free ion #4 and
the exchange integrals, were evaluated analytically using thkgand orbital energies as well as the Madelung potentials are
¢-function method® The exchange integrals were evaluatedneeded to calculate the overlap and covalency contributions
in terms of the classic Mulliken approximatitnthat pro-  to the intrinsic CF parameters. The free ion orbital energies
vides an effective and reasonable evaluation of many-centéf atomic units(Hartreg are taken to be,s=—1.074 and
integrals: €,=—0.181 for F (Ref. 32, e3,=—0.733 ande;,=
. —0.150 for CI' (Ref. 34, ande,=—0.890 for SM* (Ref.
(@mX AT 121X ¢m) 35). The Madelung potentialf) " +U~ can be reasonably

Ill. NUMERICAL EVALUATION
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TABLE Il. Calculated intrinsic CF parametergk (cm™1) at three different distanceR (a.u) for
Snt™—ClI™ and SM*—F~ ion pairs.

R(Sm-C) R(Sm-B
6.206 5.606 5.006 5.004 4.404 3.804
B, Point charge 861.4 1168.7 1641.2 1643.2 2409.8 3734.3
Charge penetration —101.4 —-259.2 —678.8 —1199 —408.2 —1450.8
Exchange -9.0 —24.2 —63.8 —40.6 —121.9 —352.2
s overlap 3.0 14.2 62.7 21.1 113.3 525.0
o overlap 14.2 40.4 112.2 71.7 209.9 558.4
7 overlap 4.4 15.0 52.5 25.4 105.2 427.8
s covalence 0.2 1.8 13.7 2.8 20.7 132.0
o covalence 8.9 29.4 99.2 99.7 365.7 1301.2
7 covalence 1.9 6.7 25.5 26.3 122.4 580.2
Total 783.6 992.8 1264.4 1729.7 2816.9 5455.9
B, Point charge 54.2 90.1 158.6 158.9 299.8 614.5
Charge penetration —30.7 —-85.5 —247.0 —66.3 —249.6 —-940.4
Exchange —-13.1 —34.3 —87.0 —-584 —-167.0 —457.3
s overlap 5.3 25.5 112.8 37.9 204.0 944.9
o overlap 25.6 72.7 202.0 129.0 377.9 1005.2
7 overlap 1.8 6.0 21.0 10.1 42.1 1711
s covalence 0.4 3.2 24.7 5.0 37.2 237.7
o covalence 16.0 52.9 178.5 179.5 658.3 2342.1
7 covalence 0.8 2.7 10.2 105 49.0 232.1
Total 60.2 133.3 373.7 406.4 1251.7 4149.9
Bs Point charge 7.2 14.7 32.3 32.4 77.6 203.0
Charge penetration —10.4 —-324 —-105.6 —-38.9 —156.9 —634.3
Exchange —-11.9 —28.4 —62.4 —-50.8 —122.3 —259.7
s overlap 7.7 36.8 163.0 54.8 294.6 1364.9
o overlap 37.0 105.0 291.7 186.3 545.8 1452.0
7 overlap —-115 —39.0 —136.5 —-65.9 —2735 —11124
s covalence 0.5 4.7 35.6 7.3 53.8 343.3
o covalence 23.2 76.3 257.8 259.3 950.9 3383.0
7 covalence —-4.9 -17.4 —66.3 —-68.5 —318.3 —1508.6
Total 36.9 120.3 409.7 316.0 1051.7 3231.1

assumed to be inversely proportional to the metal-ligand dissequence, this cancellation largely reduces the ftaintri-

tance @/R). We used the values for the Madelung potentialsbution and results in the small value for thg parameters

of cations and anions in BaFCl and SrFCl crys’l%le obtain and even the negative value for tBg parameter when the

UT+U"=2.042R for M**—CI~ andU*+U~=1.049R  charge penetration contributions are also considered. This

for M2t —F. effect has been also observed theoretically in trivalent’RE
The calculated results for the contributions of the fiveions®343" and experimentally in strong covalency-bonded

mechanisms to the intrinsic CF parameters are presented systems and RE metdls®

Table Il. Figures 1 and 2 also demonstrate the dependence of In the presenab initio calculation, the Mulliken approxi-

the intrinsic CF parameteB, andBg on interionic distance Mation was used to evaluate the electron exchange contribu-

for both Sm¥* —CI~ and SM* —F~ ion pairs. tions to the intrinsic CF parameters. An obvious weakness of
It is evident from Figs. 1 and 2 that) the §4 and ge the Mulliken approximation in this case is that ttme=2 and

parameters are dominated by overlap and covalency and =3 ex_change contributions are neglected due fo the zero

electrostatic point-charge contribution is insignificant espe_overlap integrals (| x))- l_\lewman and Ahmai’:a com-

. . = . . pleted an exact exchange integral calculation in th&" Pr
cially in the case oBg, and that(ii) negatives overlap and

- ) —CI™ ion pair system to estimate the accuracy of the Mul-
covalency contributions appear in the caseBgfand vary iken approximation and found that tme=0 andm=1 ex-

strongly with distance. This leads to a cancellation in thechange contributions are dominant and account for about
contribution toBg between ther and 7 orbitals. As a con- 70% of the total amount of the exchange contributions. The
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FIG. 1. Distance dependence Bf andBg for the Sn* —CI~ FIG. 2. Distance dependence Bf, and B for the Sné*—F~

ion pair. 1: point charge, 2: charge penetration, 3: exchangs, 4: ion pair. 1: point charge, 2: charge penetration, 3: exchangs, 4:
overlap, 5:0 overlap, 6:7 overlap, 7:s covalency, 8o covalency, overlap, 5.0 overlap, 6:7 overlap, 7:s covalency, 8o covalency,
9: 7 covalency, anc: total. 9: 7 covalency, anc:: total.

Mylllken approximation used in the_ exchange_lntegrgl e.VaI.u'crystaIs, based on a given ligand, in which x-ray-diffraction
ation leads to a maximum uncertainty of 6% in the intrinsic

: g I data are available for determinirig. In practice, this ap-
CF parameters and is sufficiently accurate fdy initio . . .
crystal-field calculations, proach is oftentimes not straightforward because the metal
ion is normally introduced as a low concentration dopant into
a series of host crystals. As a result, a complication arises
IV. DISCUSSION because the size mismatch associated with the dopant leads
to local distortions of a host crystal in the vicinity of the
dopant. This implies that nearest-neighbor bond lengths in
Snt* ions occupy sites o€,, symmetry inMFCI host  the vicinity of the dopant will differ from the x-ray values.
crystals and are surrounded by nine nearest-neighbor ligandshe magnitude of local distortions can be difficult to quan-
four symmetry equivalent FRF,0F,®F), four symmetry tify and can vary significantly over a series of host crystals
equivalent Cl ions R%,0° @), and one additional Cl ion since the series will likely vary with respect to coordination
(R®",0,0) located on the fourfold symmetry axis of the cen- environment and defects.
tral Sn?* ion. The ambient pressure bond lengths for SIFCI  Recently, a new approach for determinipdased on the
areRF=249.4 pmR°'=311.2 pm, anR®"=307.2 pm*|n  application of high pressure has been proposed. In this ap-
Sn?*:SrECI, the local site distortions around 3fmions at proach, high pressure is used to continuously vary metal ion

substituted S* sites can be safely neglected because of th&earest-neighbor distances. Recent studies of some trivalent
almost identical ionic size of St and SF* RE®* ions in anhydrous chloridésand SmM™ in ternary

compounds with the PbFCI structure typé&’ have demon-

i : i . strated the ability of pressure to provide crystal-field infor-
=4,6) obtained previousfj are B,=124(14) cm and  mation as a function of metal ion-ligand distance. Although
Bg=152(16) cm! for the Snt"—CI~ ion pair andB, it is still necessary to correct for local distortion at ambient
=245(25) cm* and§6=l72(18) cm! for the St =F pressure, data obtained to date indicate that the local distor-
ion pair in Sn¥*:SrFCI. The corresponding calculated valuestion is essentially constant over a wide range of pressure. As
are§4=93 et and§6:66 cni ! for Snt—Cl and§4 a result, trends _obtamed with b_o_nd length are expected to be
— 685 onT! andBy =556 cn ! for SmP—F—. A compari- more accurate in one composition over a range of pressure

. than in a series of different chemical compositions, each of
son of the values shows that the experimental values a

r\5'?/hich requires its own correction for local distortions. In
larger than the theoretical ones for Cl ligands and con- q )

) . addition to local distortions, different compositions may also
versely, are ST“a”er than the theqretlcal ones for F IIg‘fjmds'vary with respect to defects, impurities, and dopant aggrega-
Full utilization of the SM requires knowledge of the o) Thase potentially complicating effects are avoided in
exponent in the empirical power-law rescaling equan  the high-pressure approach.
=By(Ro)(Ro/R)'* used to predict the distance dependence The high-pressure results 8, up to about 80 kbaFf are
of the intrinsic parameters. In principle, can be obtained j|lustrated together with the present calculated results in Figs.
by determiningB, for a metal ion in a series of different host 3 and 4. It can clearly be seen from Figs. 3 and 4 that the

A. Comparison with experimental results

The ambient pressure experimental values Byf (k



5310 YONGRONG SHEN AND KEVIN L. BRAY PRB 58

500 —m————rm————7r———7——r——T1— 3000 T —
i ] 7,
400 | N (Sm?*-F~)
i 2000 |- .
300 |- . —
- - ]
|
E 0T 3 o0 i E 1000 |- -
L - 4 R0 ] =
= 100 | (sm*-c17) - K
& - :
‘; | (Tm\z*_Cl ) L 1 | | | QE) ) | | L ! L
g 0l— s ‘ ‘ . - = 0 :
« Sy
= 500 — T — D‘: 3000 T T T T T
=N [ © : Sm?*:SrFCl B i Bg
% 400 - A : Sm2*:BaFCl | % (Sm2*~F-)
o - <& 1 Tm?*:SrCly g 2000 |- ]
a 300 - : Theoretical | . o]
- g :
Sy
< 200 o 1 5 o
= — g L O : Sm**:SrFC1 ]
— 3 Bg "QAAA : 1600 & : Sm®*:BaFCl
100 |- (sm*-c1) 4s B &+ Sm?*:SrF, ]
I (Tm?*-c17) - : Theoretical <
A0 AAAAA
0 L | L | L | L Il L i ! 1 ! 0 ! 1 L L L 1 L | L | L |
260 270 280 290 300 310 320 330 200 210 220 230 240 250 260 270
R (pm) R (pm)
FIG. 3. Experimental and calculated valuesﬁf and §6 for FIG. 4. Experimental and calculated vaIuesEf and 56 for

Snt*—CI” in SrECI and BaFCl at different bond lengths. Ambient Sn** —F~ in SrFCI and BaFCl at different bond lengths. Ambient

pressure values oB, and Bg for Tm2*—CI~ in SrCl, are also  pressure values @&, andBg for Sn?"—F in SrF, are also shown.
shown.

theoretical intrinsic parameters vary more weakly with presfor SrFCI shows that the experimental intrinsic CF param-
sure than the experimental for Cl ligands and more stronglgters for the Cl ligands are significantly higher than the the-
for F ligands. oretical values, while the experimental values for the F

For Snt*:BaFCl, the ambient and high-pressure resultdigands are significantly lower. This suggests the existence of

for B, were also obtained in the previous wdfiBy taking & ligand-ligand(F-Cl) interation in which the CF contribu-
into account the site local distortions around %nions in  tion of the F ligands is partially transferred to the Cl ligands.
BaFCl due to the larger ionic size of Bathan SmM*, the In the case of th&=2 parameters, as seen from Table Il
intrinsic CF parameters were obtained for SmCl~ and  the presensb initio results for both S —CI~ and Sm*
Snt*—F ion pairs in SM*:BaFCl. The values obtained at —F ion pairs show that the contact contributions to khe
ambient pressure and high pressure foPSBaFCl are also =2 parameters are negligibly small with respect to the elec-
included in Figs. 3 and 4. trostatic contributions, especially the point-charge contribu-
A possible source of the difference between the theoretition. This is due to neglecting the shielding of the electro-
cal and experimental intrinsic CF parameters i"StMFCl  static field by the filled outer &§5p® shell of the lanthanide
systems is ligand-ligand interaction. Since the SM accountgn, an effect that considerably reduces the electrostatic field
only for two-body interactions, significant ligand-ligand in- experienced by thef4electrons. Based on the shielding fac-
teractiqns(that are formally three body in nature: ligand- tors given by Senguta and Artnf4r(0.792 fork=2, 0.139
metal-ligand would lead to a breakdown of the theory. o k=4, and 0.109 fok=6), it is clear that neglect of the

Ligand-ligand interactions are likely to be important in gpie|ging effect has a much more pronounced effect for the
mixed ligand systems such a8FCl. One way to qualita- |, parameters than for the=4 andk=6 parameters. If

::\cl)ﬁgiisl\ilezscsl ?geiolTgr?;tiﬁgtr:ecgfe“f?:gsj-ilggirzdgclj)rrg;})?:;jingwe include the shielding factor of 0.792 for the point-charge
single ligand-typeM F, and MCh systems. The intrinsic CF electrostatic contributions in the calculation of the intrinsic

parameters of SAi:SrF, have been previously derivéd CF parameteiB;, we obtain values of 432 cnt atR =
from ambient pressure luminescence #agmd are included 5:004 a.u., 913 cm' atR = 4.404 a.u., and 2506 cm atR

in Table Il and presented in Fig. 4. CF energy levels of=3.804 a.u. for F ligands. We also obtdiz~6.3 for the
Sn?*:SrCl, are not available in the literature, but the SmF—F~ ion pair, which is reasonably close to the experi-
Tm?*:SrCl, system has been studied at ambient presSure. mental value oft,=5.5 obtained from the uniaxial stress
The intrinsic CF parameters derii@dor Tm?>":SrCl,, after  experiment on Trh":MF, (Ref. 45. However, a negative
correction for a relative local radial distortion due to a largervalue oft,~—4 is obtained in the same way for the $m
size mismatch between Frh and Sf* compared to SAT —CI™ ion pair. Any further attempts to improve the pres-
and Sf*, are also included in Table Ill and Fig. 3. The ently availableab initio calculations for th&=2 parameters
intrinsic CF parameters obtained from experiment for,SrF must clearly take full account of the properties of the elec-
and SrC} are much closer to the theoretical values thartrostatic field in ionic crystals as well as configuration inter-
those for SrFCI. A consideration of the experimental valuesaction processes.
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TABLE lll. Comparison of experimental and theoretical values of intrinsic CF paramgpe('sm’ 1) and power-law exponentg for
Sntt —Cl™ and for S* —F~ ion pairs. The experimental values for SmMFCI, Snt*:SrF,, and Tnf":SrCl, are taken from Table I

of Ref. 26.
Cl ligand F ligand
(Ro=5.575 a.u. (Ro=4.745 a.u.
B, ty Bs t B, ty B t
25829) 14(4) 261(28) 103) 237(25) 5.811.5 167(18) 4.6(1.9) Sntt:MFCI

Expt. 47@40) 393(50) Snt*:SrF,

190 ~97 Tt *:SrCl,
Theory 148 8.5 121 11.2 651 8.5 529 8.5

B. Comparison with trivalent lanthanide ions

C. Further considerations in ab initio MO calculations

Table IV presents the theoretical and experimental results In the present calculation, we used free idnwiave func-

for PRt —CI~ and PF* —F

ion pairs. Reasonable agree-

tions. In actuality, nephelauxetic effect considerations re-

ment between the theoretical and experimental values waguire that the actual 4wave functions of RE ions in solids
observed. A comparison of the theoretical results for theye spatially expanded relative to the free ion wave functions.

trivalent PP* ion with those for the divalent St ion
(Tables Il and 1\j shows that the exponertisfor Sn?™* are

A precise theoretical formulation off4wave functions in
solids is currently not available, but we do expect radial ex-

larger than those for PT . It seems reasonable to expect thatpansion effects to have a significant effect on calculated CF

both thegk(Ro) andt, parameters for divalent RE ions
would be larger than those for trivalent REions due to the
more expanded #electron orbital of RE" with respect to
RE®".

In order to test this expectation and to begin to generaliz%ma_cr and S+

the present theoretical results, additiodl initio calcula-
tions on Nd*—Cl~, sSm**—CI~, G*—ClI~, Dy** —CI",
and EF*—CI™

ion pairs were carried out using the same

parameters. If we assume, for example, a simple isotropic
radial expansion of the St free ion wave function by 1%,

we find an increase of about 12% in tBg(R,) parameters
and no significant change in thg parameters for both the
—F ion pairs. The radial expansion
effect is clearly important and requires further attention con-
cerning the extent and directionality of expansion.

4fn-4f"~ 1541 configuration interactionCl) is another

calculation approach. The calculated results are illustrated iBotentiaIIy important effect in divalent RE ions. The effect

Fig. 5 and show that the expondptremains almost constant
while tg increases very slightly from Pt to EF* (on aver-

age,t,=6.1 andtg=28.1). Furthermore, we see that the in-

trinsic CF parameteB, at a given interionic distance shows
a strong decrease from¥Prto EF* due to the smooth de-

has recently been considered for thé 'R¢CI~ ion pair by

Ng and Newmat! Their results indicated that for trivalent
RE®" ions, the Cl contributions are much less significant
than the five contributions considered in the present theory.
In RE2* ions, however, the excited configurations are much

crease in ionic radius in the lanthanide series with increasingjoser to the ground#' configuration than in RE™ ions and

atomic number. From a direct comparison of Snwith

Snt™, it can furthermore be seen that the vaIuesgpffor
Sn?* are larger than those for Si. For example, the cal-

culated results for SH—CI~ are B4(R,)=81 cmi ! and
§6(Ro)=74 cm ! at Ry=5.575 a.u. The responding calcu-
lated values of SRT—CI~ are B,(Ry)=148 cni! and
Bg(Ry) =121 cni L.

the CI contributions to the lanthanide CF effects is corre-
spondingly more significant for RE ions than for RE"
ions. Although the 4"~ 15d! configuration cannot directly
contribute to thek=even crystal fields which govern the
energy level positions and the CF energy level splittings, it
may act as an intermediary between theelectrons of the
central RE ion and the ligand electrons via the more ex-
panded RE B electron orbitals. As a result, thd %5d* con-

Based on the present theoretical calculation, we expegiguration may influence the strength of interaction between

that both the power-law exponertisand the initial intrinsic

CF parametergk for divalent RE* ions will, in general, be
larger than those for trivalent RE ions.

metal valence and ligand orbitals. Also, as mentioned previ-
ously, the CI involving the filled outer §5p°® shell of the
RE ions clearly contributes to a shielding effect of the elec-

TABLE IV. Comparison of experimental and theoretical values of intrinsic CF paramﬁe(rsm’l) and power-law exponentsg for

Pr*:LaCl; (Refs. 37,41 and P?":LaF; (Refs. 46,48

Cl ligand F ligand
(Rg=5.575 a.u. (Rg=4.745 a.u.
§4 t4 EG tG §4 t4 EG tG
Expt. 25@89) 4(4) 26831 6(3) 533(15) 6.1(1.3 38831 8.7(1.1)
Theory 172 6.0 193 6.9 658 5.7 416 5.6
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ions in MFCI mixed ligand solids were specifically consid-
ered in the context of the superposition model. Variations in
CF parameters with nearest-neighbor bond length were cal-
culated and compared to experimental values obtained from
recent high-pressure experiments. The calculated results in-
dicate that five mechanisms—point charge, charge penetra-
tion, exchange, overlap, and covalency—are primarily re-
sponsible for the CF effects in $m. Difference observed
between theoretical and experimental CF parameters are be-
lieved to be due to the use of free iofi wave functions and
neglect of ligand-ligand andf25d* configuration interac-
tions in the present model. Inner shell shielding effects are
also shown to be important when considering second-order
parameters.

The present calculation also shows that the CF parameters
for Sm?* are higher, and also more sensitive to the nearest-
neighbor bond length, than those for 8mWe expect this
result to hold generally for divalent RE ions relative to
trivalent RE* ions.

FIG. 5. Distance dependence Bf, and By for some RE*
—CI™ ion pairs(RE = Pr, Nd, Sm, Gd, Dy, and ErThe data for
P are taken from Ref. 37. The radiaf 4vave functions and the
4f orbital energies are taken from Refs. 31 and 35, respectively.

Further work will focus on extending the theory to in-
clude ligand-ligand interactions, configuration interactions,
and radially expanded f4 wave functions. Further high-
pressure experiments on divalent rare earths in single ligand-
trostatic field on thek=2 CF parameters. These Cl effects type hostsMF, and MCl, will also be completed in an at-
need to be considered more fully and it is believed that dempt to better understand these effects.
more complete description of CF effects on divalent lan-
thanides will require a more complete basis set of wave func-
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