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The 4/%— 4f°5d" absorption spectrum of the Sm>* ions incorporated in a SrCl, single crystal was recorded
at 4.2 K in the 15000—45 000 cm™! spectral range. The overall spectrum is very satisfactorily simulated by
theoretical calculations performed in the frame of the semi-empirical Hamiltonian model. The calculations
enabled the assignment of all bands observed in the spectrum as well as a prediction of some experimentally
unobserved transitions in the 45 000—55 000 cm™' region. The rich vibronic structure observed for absorption
bands in the 15000-25000 cm™! spectral region is dominated by the vibronic progressions in the totally
symmetric St-Cl stretching mode of ~213 cm™" upon the thirteen zero phonon lines and local vibration modes
at ~81 cm™' and ~116 cm™!. This multiphonon vibronic spectrum is very well reproduced by the model

calculation.

DOLI: 10.1103/PhysRevB.76.115125

I. INTRODUCTION

The absorption lines observed for lanthanide (Ln) ions in
the IR, Vis, UV and VUV spectral ranges, result from the
intraconfigurational nf” —nf" and interconfigurational nf™
—nfN!'(n+1)d" transitions. The nf¥ — nf" transitions have
been a subject of intense studies over the past several de-
cades, that have been initially stimulated by the development
of solid state lasers, and later also by other numerous appli-
cations which may be based on the optical properties of lan-
thanides. As the result of these efforts, the energy levels of
the nf" configuration for Ln** have been relatively well char-
acterized and understood in terms of theoretical models.'-

On the other hand, the number of papers dealing with the
interconfigurational nf™— nf""!(n+1)d" transitions of the
lanthanide ions is significantly smaller than that for f-f tran-
sitions. Moreover, in most cases, the structure of the ob-
served 41V —4fV-154" transitions has been rationalized in
the simple one-electron model, suitable for Ce3* ions only,“’5
or with the assumption that the excited configurations were
formed by a coupling of the 5d orbitals, split by the crystal-
field, with the 4f¥! core electrons and lattice vibrations.®~8
However, recently, a growing interest in rare-earths spectros-
copy in the vacuum ultraviolet range may be observed. It
mostly results from a search for new efficient luminescence
materials under VUV excitation. Owing to the occurrence of
f-d transitions in this spectral region, development of theo-
retical models for their interpretation is required.

The f-d transitions of metal ions impurities embedded in
ionic hosts can be successfully rationalized by the ab initio
theoretical calculations.”!® However, such calculations are
usually rather demanding and difficult to perform by non-
specialist. Far more straightforward is a phenomenological
theoretical model for the calculation of the 4/¥~!54" energy
levels, proposed by Reid et al.,'! which extends the estab-
lished model for the 4" configuration by including crystal-
field and spin-orbit interactions for the 5d electron as well as
the Coulomb interactions between the 4f and 5d electrons.
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This approach was successfully applied for analysis of the
excitation spectra of Ln** ions in LiYF,, CaF,, and YPO,
(Refs. 12 and 13) as well as absorption spectra of U** ions in
LiYF, (Ref. 14), Cs,NaYCly (Ref. 15) and SrCl, (Ref. 16).
More recently this model was used for simulation of f-d
spectra of Eu?*:SrCl, (Ref. 17). It was shown in Refs. 15
and 16 that the suitability of U* ions for the f-d transition
studies, lays in appearance of first absorption bands as low as
~15000 cm™'above the ground *I,,, state, which makes the
53— 5f%6d" transitions more accessible experimentally as
compared, for example, with Ln** ions, for which the 4f"
—4fN-154" absorption bands are observed in the UV and
VUV regions. The similar shift of f-d bands towards lower
energy spectral regions is observed when Ln* ions become
reduced to the divalent form. In addition, the crystal-field
strength is for Ln?* ions about two times weaker compared to
U3* ions, which results in the smaller energy separation be-
tween e, and f,, states (in O, symmetry), and makes the
absorption transition to the latter one observable in the UV
spectral region. This is a noteworthy advantage of Sm?* ions
over U3 jons, for which the analysis was limited, in the case
of the SrCl, host, to the well resolved transitions to e, states
only, whereas the transitions to the 7,, levels were observed
in the absorption spectrum as broad and unstructured
bands.'®

The absorption spectrum of Sm**:SrCl, measured at
4.2 K in the 710-380 nm range has been reported by Axe
and Sorokin.'® In this paper we present the low-temperature
absorption spectra recorded in the region extended to
220 nm, which cover the wavelength range of transitions to
the 4/°5d(t,)" states, not reported in Ref. 18. From analysis
of the vibronic spectrum a number of electronic origins was
determined. The theoretical energy levels and transition in-
tensities were calculated using parametric Hamiltonian
model and the overall electronic absorption spectrum was
very satisfactorily simulated. The pronounced fine vibronic
structure observed in the spectrum is adequately reproduced
using the theory of multiphonon vibronic coupling to elec-
tronic transitions.

©2007 The American Physical Society
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FIG. 1. (a) Survey of the 4f°
—4f°5d" absorption spectrum at
®) 42K of Sm2*:StCl,. The ob-
served transitions are grouped into
bands labeled arbitrary with capi-
tal letters A—H. (b) The overall
spectrum calculated by using
Hamiltonian of Eq. (1) and param-
eters of Table II. The sticks at the
bottom indicate the calculated po-
sitions of the zero-phonon lines,
with the heights proportional to
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the predicted intensities. The larg-
est component of the eigenvectors
is indicated for the terminal levels
of the 4f°5d' configuration with
the highest predicted 7F0—>(Sfo)
SLJ transition intensity within a
given absorption band. The verti-
cal dot lines connect the calcu-
lated and experimental positions
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II. EXPERIMENTAL SECTION

Samarium(II) doped single crystals of SrCl, with a nomi-
nal 0.12 at.% samarium concentration were grown by the
Bridgman method. Dry SrCl, powder was mixed with appro-
priate amount of SmCl;, placed in a vitreous carbon crucible
and sealed under argon in silica ampoules. The ampoule was
lowered through the vertical furnace at 1195 K, at a rate of
4 mm/h. The doped single crystals were cut and polished
under dry paraffin oil.

The absorption spectra were recorded on a Cary-50 UV-
Vis-NIR spectrophotometer in the 10000—50 000 cm™'
range. An Oxford Instrument model CF1204 cryostat was
used for low-temperature measurements.

III. RESULTS

A. Absorption spectrum

In Fig. 1(a) a 42 K survey absorption spectrum of
Sm?*:SrCl, is shown. In the 15 000-25 000 cm™' range the
spectrum is identical to that presented by Axe and Sorokin.'3
Absorption bands observed in this range result from transi-
tions from the 4f%('F) ground multiplet to the 4/°5d(e,)!
crystal-field levels of Sm?* ions. As results form theoretical
calculations, presented in Section III B, the most intense
bands observed at the energy region above 25 000 cm™', not
reported in Ref. 18, should be assigned as transitions to the
41°5d(t,,)" levels of Sm**.

Figure 2 shows a high-resolution absorption spectrum re-
corded at 4.2 K for Sm?*:SrCl, in the spectral region corre-
sponding to the 4f°("F,) —4f°5d'(e,)" transitions. The most

45000

50000 55000 of ZP lines.

prominent feature of the spectrum is the ~213 cm™' vibronic
progression that arises from the totally symmetric v;(a,,)
stretch of the SmClg_ moiety. The lowest-energy zero-
phonon (ZP) line is distinctly observable at 15 280 cm™'
(line 1). For this line, the w(a;,) progression extends
through four quanta. The magnified view of the vibronic
massive accompanying the 15280 cm™' ZP line is given in
the inset of Fig. 2. The ZP line is the sharpest and the other
lines become successively broader for higher energy mem-
bers of the progression. The same holds true for other bands
in the spectrum. From the analysis of the spectrum two other
vibrational energies, at ~81 cm™ and ~116 cm™, can be
deduced, labeled in the inset of Fig. 2 as v, and w3, respec-
tively. These phonon lines also serve as an origin for the
213 cm™! vibronic progression. Some additional very weak
phonon lines, marked in the inset of Fig. 2 with asterisks, can
be discerned at 133, 165, and 189 cm™".

The intense massive observed between 16250 and
17 500 cm™! is composed of vibronic bands coupled to three
ZP lines at 16267, 16297, and 16 741 cm™!. The next ZP
lines could be localized readily at 17 514, 18 018, 19 068,
and 19381 cm™. In Fig. 2, the determined positions of the
zero-phonon transitions are marked with arrows, whereas the
vi(a,,) vibronic progressions coupled to each of the ZP line
are indicated by dotted vertical lines.

The careful analysis of the spectrum enabled the determi-
nation of positions of thirteen zero-phonon lines in the
15 000-25 000 cm™! region. The energies of all ZP lines and
the accompanying them vibronic satellites, corresponding to
the »(a;,) mode, identified in this region of absorption spec-
trum are listed in Table I. Numbers in column 1 of this table
correspond to the line labels in Fig. 2. The remaining lines,
not listed in Table II and marked in Fig. 2 with circles, may
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FIG. 2. Absorption spectrum
recorded at 42K for the
Sm**:SrCl, single crystal in the
4‘)‘6(7F0)H4f55d1(eg)' transition
range. The zero-phonon lines are
marked with arrows, whereas the
vibronic progressions that arise
from the v(a;,) mode are indi-
cated by dotted lines. The w»,
| =81 cm™! and »3=116 cm™! pho-
non lines and the nth order pro-
gressions built on them are indi-
cated by circles. The inset shows
the lowest energy band in greater
detail. The displacements from the
15280 cm™! origin are marked
and the progressions in Vl(alg), vy
and 3 are indicated. Some addi-
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be correspondingly assigned as the minor v, or v; phonon
lines and the nth order progressions built on them.

B. Calculation of 4f°5d' energy levels and 4f®—d4f°5d"
transition line strengths

Energy levels and the 4f°—4f°5d" transition intensities
of Sm?* in SrCl, were calculated using a theoretical model
for nf" energy levels extended for interactions related with
the presence of (n+1)d electron, developed by Reid et al.'! Tt
is assumed, that for the excited nf¥~'(n+1)d' configuration
the nfN~! core experiences the same interactions as the nf"
configuration. These interactions are: Coulomb interaction
between nf electrons [parametrized by F*(ff)], spin-orbit in-
teraction [parametrized by {,/(ff)], two-electron correlation
corrections to the Coulomb repulsions [parametrized by
a(ff), B(ff), and y(ff)], three-electron correlations [param-
etrized by T'(ff)], electrostatically correlated spin-orbit inter-
actions [parametrized by P*(ff)] as well as spin-spin and
spin-other orbit interactions [parametrized by M/(ff)]. How-
ever, due to the presence of d-electron atomic part of Hamil-
tonian is supplemented by the spin-orbit interactions for the
(n+1)d electron, parametrized by {(dd), and the Coulomb
interactions between the (n+1)d electron and the nf¥! elec-
trons, parametrized by direct F¥(fd) (k=2,4) and exchange
G/(fd)(j=1,3,5) Slater parameters. The crystal-field (CF)
interactions of the nf¥~! and (n+1)d electrons with the lat-
tice are parametrized by B’;(ff) (k=2,4,6) and B’;(dd) (k
=2,4), respectively, with value of ¢ restricted by site sym-
metry. The difference in energy between excited nf¥~!(n
+1)d" and ground nfMconfiguration is parametrized by
Ag(fd). Then, the complete Hamiltonian for nf¥~!'(n+1)d"
configuration may be written as

tional very weak phonon lines are
marked with asterisks.

25000

H=E,,+ > FNRUD + LlDAso(f) + a(fHLL

k=2,4,6

+1)+BING(GY) + YNGR + 2 PHENpFD

k=2,4,6

+ 2 BS(FACY(ff) + Ap(fd) Sp(fd) + 2 F(fd)fi(fd)
k.q

k=24

+ 2 Gl(fd)g;(fd) + {(dd)Ago(dd)

j=135

+ 2 Bi(dd)C\P(dd). (1)
k.q

Energy levels for the 4/°5d" configuration of Sm?>* were cal-
culated by diagonalization of the above Hamiltonian, using
f-shell programs.'

The initial values of the Hamiltonian parameters for the
4f> core electrons were estimated on the basis of the param-
eters for the 4f° configuration of Sm3* (Ref. 20). As the
initial values of CF interaction parameters for the 4f and 5d
electrons the half values of By(ff), BS(ff), and By(dd) pa-
rameters reported for Eu’*:SrF, (Ref. 21) and Ln**:CaF,
(Ref. 12) were assumed, respectively. The parameters for
Coulomb interactions between the 4f° electrons and 54!
electron as well as for spin-orbit interactions of 5d electron
were obtained from free-ion ab initio calculations using stan-
dard atomic computer programs.’”> However, due to the de-
localization of the 4f and 5d electrons over the ligands (the
nephelauxetic effect) these interaction parameters for Sm>*
ion embedded in crystalline host are expected to be signifi-
cantly smaller compared to the free-ion values. In accor-
dance with this expectation, the values initially reduced to
65% of calculated values were used at a starting point of the
calculations.

The calculations were performed with F2(ff), Z(ff),

BY(f), BS(fN), Ap(fd), FX(fd), G'(fd), {(dd), and Bi(dd)
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TABLE 1. Positions and assignments of the zero-phonon (ZP) and vibronic lines corresponding to the
~213 ecm™! v(qa, o) totally symmetric stretch of the SmClg’_ moiety, observed in the 15250-23 550 cm™!
absorption transition range of the Sm>* ion in a SrCl, single crystal.

Line, Fig. 2  Assignment Line position (cm™) Line, Fig. 2*  Assignment  Line position (cm™")
1 ZP(1) 15280 28 ZP(7)+2v, 19068 +426
2 ZP(1)+ 1, 152804213 29 ZP(8)+ v, 193814225
3 ZP(1)+2v, 15280+426 30 ZP(7)+3v, 19068+ 635
4 ZP(1)+3v, 15280+639 31 ZP(8)+2v, 19381+435
5 ZP(1)+4v, 15280+852 32 ZP(7)+4v, 19068+ 846
6 7P(2) 16267 33 ZP(8)+3, 19381+640
7 ZP(3) 16297 34 ZP(7)+5v, 19068+1070
8 ZP(2)+ v, 162714209 35 7P(9) 20705

9 ZP(3)+ v, 16300+213 36 ZP(9)+v, 20705+215
10 ZP(2)+2v, 16271+429 37 ZP(9)+2v, 20705+416
11 ZP(3)+2v, 16300+420 38 ZP(9)+3v, 20705+ 641
12 ZP(4) 16741 39 ZP(10) 22075

13 ZP(2)+3v, 16271+637 40 ZP(10)+ v, 22075+221
14 ZP(4) + v, 167414214 41 ZP(10)+ 2, 22075+421
15 ZP(4)+2v, 16741+426 42 ZP(10)+3v, 22075+631
16 ZP(4)+3v, 16741+638 43 ZP(11) 22778

17 ZP(5) 17514 44 ZP(12) 22910

18 ZP(5)+ v, 175144211 45 ZP(11)+v; 22778+219
19 ZP(5)+2v, 17514+423 46 ZP(12)+ v, 22910+212
20 ZP(6) 18018 47 ZP(11)+2v, 22778+426
21 ZP(6)+ v, 18018+213 48 ZP(12)+2v, 22910+422
22 ZP(6)+2v, 18018+432 49 ZP(11)+3v, 22778 +669
23 ZP(6)+3 v, 18018+638 50 ZP(13) 23530

24 ZP(6)+4v, 18018+828 51 ZP(13)+v, 23535+222
25 ZP(7) 19068 52 ZP(13)+2, 235354424
26 ZP(7)+ v, 19068+216 53 ZP(13)+3v, 23525+624
27 7P(8) 19381

“Numbers in these columns correspond to the line labels in Fig. 2.

treated as optimized parameters. The constant empirical ra-
tios: F*(ff)/F*(ff)=0.720 and FO(ff)/F?(ff)=0.500, typical
for the 4f° configuration of Sm** (Ref. 20), were retained.
The relations between F2(fd) and F*(fd), G'(fd), and
G*(fd)as well as between G'(fd) and G>(fd) parameters
were constrained by the Cowan’s code calculated fixed ra-
tios: F*(fd)/F*(fd)=0.487, G*(fd)/G'(fd)=0.861, and
G°(fd)/G'(fd)=0.669. All other parameters were not al-
lowed to vary in the optimization procedure.

The parameters of the Hamiltonian were optimized by
changing their values within certain physically justified
ranges, calculating of the energy levels and transition inten-
sities, and repeating this procedure until the best agreement
was obtained between the calculated and experimental spec-
trum. The final values for parameters of Hamiltonian of Eq.
(2) are listed in Table II.

The transitions from the 4f° to the 4f°5d" configuration
are electric-dipole allowed and the appropriate matrix ele-
ments for the transitions can be calculated using expressions
given in Ref. 17. In the calculations, the approximation was
made that the intensity of the ZP line is proportional to the

total electric dipole transition line strength, multiplied by the
transition energy. The calculated energy levels as well as
predicted relative transition intensities of zero-phonon lines
are shown graphically by the vertical sticks at the bottom of
Fig. 1(b).

IV. DISCUSSION
A. 4f°—4f55d" transitions

Strontium chloride crystallizes in a fluorite-type structure
and is isostructural with CaF,. In this host Sm?* ions substi-
tute for Sr** ions at site of O, symmetry, and since Sm?* ions
possess the same charge and similar ionic radius (127 pm) as
Sr?* (126 pm) (Ref. 23) no lattice distortions are expected
for Sm?*:SrCl, crystals.

The CF calculations show that the 4754 configuration
extends throughout about 150 000 cm~!. However, only for
transitions to levels positioned approximately 150 000 cm™!
above the lowest 4f°5d" level, the predicted intensities are
large enough to permit them to be observable in absorption.
Since the first 4f°— 454" absorption line of the Sm>* ion
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TABLE 1II. Energy parameters for the 4/75d! configuration of
Sm?* in SrCl,. The initial values of parameters for the splitting of
the 4f> core are obtained from the literature (Ref. 18) (mean free-
ion values for 47> configuration of Sm3*). Starting parameters for f-
d interactions were calculated using Cowan’s code (Ref. 22). The
values in square brackets were not allowed to vary in the optimiza-
tion procedure.

Parameter Value (cm™")
F2(ff) 30000
FH(ff)? 57600
FO(ff)? 40000
Lusfh) 1100
a(ff) [20.50]
B(ff) [-616]
Yff) [1565]
MO(ff) [2.38]
PA(ff)P [336]
7(ff) [282]
T (ff) [26]
T(ff) [71]
T9(ff) [-257]
7(ff) [314]
T8(ff) [328]
By(ff)° =710
By(ff)° 215
Ap(fd) 9506
F2(fd) 14900
F*(fd)* 7256
Gl(fd) 7200
G3(fd) 6200
G>(fd)* 4817
dd) 860
By(dd)® -20500

*The F*(ff) and FO(ff) parameters were constrained by the empiri-
cal fixed ratios: F*(ff)/F*(ff)=0.720 and FO(ff)/F*(ff)=0.500,
taken from Ref. 18.

"The M*(ff), M*(ff), P*(ff), and PS(ff) parameters were con-
strained by the Hartree-Fock determined fixed ratios: M>(ff)
=0.59 MO(ff), M*(fH)=0.38 MO(ff), P*(ff)=0.75 P*(ff), and
Po(ff)=0.5, P*(ff).
BY(ff)=\5/14B}(ff)=-424 cm™!,
-402 cm™!.

IThe F*(fd), G3(fd), and G°(fd) parameters were constrained by
the fixed ratio: F*(fd)/F*(fd)=0.487, G3(fd)/G'(fd)=0.861, and
GS(fd)/Glgi):O.669, calculated using Cowan’s code.??
¢Bj(dd)=5/14B}(dd)=—12251 cm™".

BS(Ff)=—\T12B5(ff) =

in a SrCl, crystal appears at energy as low as 15280 cm™,
we were able to record experimentally the most of the ob-
servable transitions predicted by the theory. Only some lower
intensity bands, resulting from transitions to the °P)L ; and
the quartet (4Lf)2s+1L ; states, predicted by CF calculations at
energy between 45000 and 55000 cm™' (Fig. 1), stay be-
yond the range achievable with our spectrophotometer. To
our knowledge, transitions to the 4/°5d(r,,)" levels of Sm**,

PHYSICAL REVIEW B 76, 115125 (2007)

as well as to other levels positioned above 25 000 cm~!, have
never been reported in the literature. Thus, the well resolved
absorption bands observed in the broad spectral region and
encompassing the significant part of the theoretically allowed
transitions, should be a firm basis for the reliable determina-
tion of Hamiltonian parameters. Moreover, the presence of
fine vibronic structure observed clearly for the lower energy
bands (Fig. 2) allows for detailed analysis of vibronic cou-
pling.

In the very rough approximation, for the rationalization of
the structure of the spectrum one may applied a qualitative
reasoning, assuming a superposition of the multiplet struc-
ture of the 4/° core on the 5d' crystal-field levels. The Sm?**
ion in the SrCl, crystal has a cubic eightfold coordination,
and the crystal field splits the 5d' electronic state into an e,
lower and a t,, upper state. The e, level of I's, symmetry is
not split by a spin-orbit interaction, whereas the 1,, state is
split into a I'g, degenerate quartet and I';, Kramer’s doublet.
Thus the two lowest groups of the energy levels, denoted as
A and B in Fig. 1(a), result from the interaction of the
5d(e,)T's, state with the 4/°(°H,) and 4/°(°F )core electron
substates and can be described as 4f5(6H)—5d(eg)1F8g and
4f5(°F )—5d(e,)'Tg,, respectively. Consequently, the bands C
and D result from the interaction of the 4]‘5(6H ) core elec-
tron substates with the 5d(t2§)F g¢ and 5d(t,,)I';, states and
can be described as 4f°(°H)-5d(t,,)'T's, and 4f°(°H)
—5d(ty,)'T5,, respectively. By analogy, bands E and F should
be attributed to transitions to levels originating from the
4f5(°F)=5d(13,)'Tg, and 47°(°F)-5d(ty,)'T5,, respectively.
Therefore, the splitting between bands C and D or between
bands E and F, which is of the order of 1500-2000 cm™!,
results from the spin-orbit coupling of 5d electron.

The crystal-field splitting (10 Dq) of the 4f°5d' configu-
ration for Sm?*:SrCl, may be evaluated experimentally as
the energy difference between the 5d(t,,) levels (split by the
spin-orbit coupling) and the 5d(e,) levels, that is as the dif-
ference between the barricenter of bands C+D and band A or
between the barricenter of bands E+F and band B. The thus
obtained value of 10 Dq is in the 10 000—12 000 cm™' range
and is, as one might expect, about a factor of two smaller
than the value of =20 000 cm™! for the 5f26d' configuration
of U* in the same host.'®

This simple model, although strongly simplified, seems to
properly account for the main structure of absorption bands
observed in 15 000—35 000 cm™! region. However, actually,
the observed bands result from overlapping transitions to
various levels arising from the 4/°5d' configuration due to a
range of interactions included in Hamiltonian of Eq. (1). The
further details of bands assignment, pertinent to the results of
CF calculations, are given in Section IV B.

In the 15 000—25 000 cm™! range the fine structure of the
absorption bands, which consists of phonon satellites
coupled to the ZP lines, is clearly observed. Axe and
Sorokin'® suggested, that the mode responsible for the for-
mation of the major 213 cm™! vibrational progression ob-
served in Sm>*:SrCl, spectrum is e, rather than a;,. How-
ever, the reasoning presented in Ref. 17 points to a;, as the
more appropriate assignment, which is consistent with the
f-d spectra of Ln** in CaF, (Ref. 11) and U3* in SrCl, (Ref.
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16). The v,~81 cm™' and vy~ 116 cm™'modes should be
attributed either to k=0 t,, modes at the zone boundary or to
second shell motions.!’

In the region above 25000 cm™! the vibronic pattern is
not as clearly resolved as it is for the lower energy bands.
This may partly results from the lower resolution of the spec-
trometer in the UV region, but more probably from the high
density of overlapping ZP and phonon transitions, contribut-
ing to the observed spectral lines and causing their broaden-
ing.

From the theoretical model fit of the experimental spec-
trum (Sec. IV C) the value of 1.44—1.51 was obtained for the
S(a,,) Huang-Rhys parameter, which points to a rather weak
electron-lattice coupling. A very similar value of S(a;,)
~ 1.5 was derived for U3* in SrCl, (Ref. 16), and a slightly
smaller value of S(a;,)=1.28 for Eu”* in the same host
crystal.!”

B. Hamiltonian parameters and 4f°5d! energy levels

Since the number of experimentally determined energy
levels is significantly smaller then the number of those pre-
dicted by the theory, and particularly no ZP could have been
identified in the spectral region above 25 000 cm™!, we mini-
mized in the optimization procedure the differences between
the overall experimental and calculated spectral profiles, in-
stead of individual crystal-field components. Thus, the pa-
rameters of Hamiltonian of Eq. (1) were optimized to obtain
the best possible agreement between the calculated and ex-
perimental barricenters as well as the relative intensities of
the seven well separated bands, denoted in Fig. 1(a) as bands
A—H. In this procedure a total of nine parameters were varied
and determined simultaneously, and their final values are
shown in Table II.

Because of the difference between the equilibrium dis-
tance of the metal ion and the ligand in the ground and
excited states, resulting from the larger extent of 5d orbitals
compared to the 4f orbitals, most of the transition intensity is
in the vibronic bands. However, the simulation of the vi-
bronic intensities for the bands situated above 25 000 cm™!
would be an overwhelming task due to the large number of
zero-phonon transitions. Thus, in order to make a compari-
son with experiment, we simulated the whole unpolarized
absorption spectrum of Sm?*:SrCl, making a rough assump-
tion that the vibronic sidebands coupled to each of the zero-
phonon line may be approximated by a single broad Gauss-
ian shape band. In simulation, this band is shifted from the
ZP lines by 300 cm™! with FWHM (full width at half maxi-
mum) of 650 cm™! and its oscillator strength is proportional
to the line strength calculated for a given ZP transition mul-
tiplied by the transition energy. The above values of dis-
placement and width were chosen as giving the best fit to
positions and shapes of experimental bands. The simulated
absorption spectrum of Sm?*:SrCl, is shown in Fig. 1(b).
The agreement between the simulated and experimental
spectrum is excellent, considering both the bands positions
and their relative intensities. Even the low intensity bands
observed between 17 500 and 23 000 cm™' are well repro-
duced.
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In order to compare the quality of the fit at the level of
individual ZP lines, the correspondence between calculated
positions of ZP lines [Fig. 1(b)] and thirteen experimental ZP
lines determined in 15 000-25 000 region [Fig. 1(a)] is indi-
cated by the dot vertical lines. The agreement is satisfactory,
especially as for the calculations in which the parameters
were optimized for the overall spectrum and not for the in-
dividual ZP transitions.

The bands observed in the lowest energy E)art of the spec-
trum are due to the transitions from the 4f°('F,) level to the
4f55d" configuration multiplets of the (°H)’K,+(°H)’F, and
(6H)7K5+(6H)(7G, ,713) main characters. However, the
bands observed at energy higher then 25000 cm™' results
from overlapping transitions to numerous levels forming a
dense array of energy states. In Fig. 1(b) are indicated the
largest components of the eigenvectors for the terminal lev-
els of the 4/°5d"! configuration, with the highest predicted
"Fy— (S¢L;) SLJ transition intensities within a given absorp-
tion band. Thus, the bands C and D [Fig. 1(a)] are mostly
due to transitions to levels originating from the (°H)’L,; mul-
tiplets, although in this spectral region transitions to the
(°H)’L, and (°F)’L, also occur. The bands B, E, and F result
predominantly from transitions to the levels originating from
the (°F)’L, multiplets, overlapping with the less intense tran-
sitions to the (°H)’L, multiplets. At energy above
40 000 cm™" transitions to levels resultant from the (°F)°L,
and (°P)7L, multiplets as well as the quartet (4Lf)SLJ multi-
plets are observed. This energy levels diagram, emerging
from the CF calculations, is in a general accordance with the
scheme obtained from the qualitative reasoning based on the
simple model, presented in Sec. IV A.

The bands predicted at energy higher then 45000 cm™'
have not been recorded experimentally. However, since there
is a very good agreement between the model spectrum and
the spectrum measured in the range experimentally available,
one may expect that the positions and intensities of the un-
observed bands are calculated with a similarly good accu-
racy.

In the final fit, we have adjusted values of nine param-
eters, given in Table II. The optimized values of F2(ff) and
Lug(ff) parameters for 4f55d" configuration are close to the
values for 4f° configuration of Sm**. Analogous trend is ob-
served for U* ions in SrCl,, where the determined values of
the F¥(ff) and {s/ff) parameters for the 5/26d" configura-
tion are similar to those typical for the 5f> configuration of
U* in a chloride environment.'® The similar relation also
results from calculations using Cowan’s code—the free-ion
values of FX(ff) parameters for the 4f°5d' configuration are
placed between the values for the 4f%and 4f> configurations,
but are significantly closer to the latter one.

The values obtained for the direct, F*(fd), and exchange,
G/(fd), Coulomb f-d interaction parameters are 58.1% and
61.1% of the free ion values, respectively. This reduction is
noticeably larger compared to that for Ln** ions, in which
these parameters were typically reduced to about 67% of
their ab initio calculated free-ion values.!! Such trend is ex-
pected, because a larger reduction of f-d interaction param-
eters is anticipated for the larger Sm?* ion, with the more
covalent metal-ligand bonds. Accordingly, for Eu** in SrCl,
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the values obtained for the f-d Coulomb interaction param-
eters are ~49% of the free-ion values.!” Even larger reduc-
tion of F%(fd) parameter, to 38.6% of free-ion value, is ob-
served for U* ion in SrCl, (Ref. 16), and may be linked to
the larger extension of 5f and 6d orbitals with respect to the
4f and 5d orbitals.

The adjusted in the optimization procedure value for the
Bé(dd) crystal-field parameter of the 5d electron equals to
-20500 cm™" and is similar to the value of —21296 cm™!
derived for Eu* in SrCl, (Ref. 17).

C. Simulation of 4f°— 4f°5d" transition vibronic spectrum

The simulation of vibronic spectrum was performed for
three well resolved bands observed in the lowest energy re-
gion of the absorption spectrum, shown in detail in Fig. 3(a).
The bands observed in the 1520016200 cm™" (band A—I)
and 18 000—19 000 cm™" (band A-III) spectral range are
composed of vibronic structure built on the single electronic
origins at 15280 cm™' [ZP(1)] and 18 018 cm™! [ZP(6)], re-
spectively. The intense massive labeled as A-II, observed be-
tween 16250 and 17 250 cm™, results from the overlapping
vibronic sidebands coupled to three ZP lines at 16268
[ZP(2)], 16297 [ZP(3)] and 16 743 [ZP(4)] cm™'. The very
weak electronic origin, ZP(5), which may be noticed at
17300 cm™!, and its vibronic envelope, were not included
into simulation.

To reproduce the features of experimental spectrum we
assumed that they result from the electronic 4f°— 47°5d"
transitions coupled to the three local vibrational modes at
hw,~213 cm™, hw,~115 cm™ and hw;~81 cm™!. The
contributions of up to fourth order of harmonics and fre-
quency summation of various orders of the w;, w,, and ws
frequencies, were also allowed. The relative intensities of
vibronic lines observed for nth progression suggest the ex-
pected value of the Huang-Rhys constant of about 1.5 for
hw, mode, and less than 1 for other modes.

o

exp[— So]S(’)( 1
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FIG. 3. Experimental (a) and calculated (b) absorption spectra
for the multiphonon vibronic transitions between the ground 7F0
level of the 4f° configuration and the lowest levels of 4f°5d" con-
figuration, observed in the 15250—19 000 cm™' energy range. The
low intensity ZP(5) line and its vibronic satellites were not included
in modeling.

Below the narrow peaks the broad band extending for a
few hundred of cm™! is observed in the spectrum. The occur-
rence of this broad background may be attributed to the con-
tributions from coupling to the lattice acoustic modes.>*?> In
the modeling of the spectrum the broad background may
simulated by independent term in the line shape function, in
which an average lattice frequency w, and a relatively large
bandwidth oy is introduced.

For the simulation of the overall profile of the multi-mode
and multiphonon vibronic spectrum of 4f%—4/35d' transi-
tions, a spectral function developed in Ref. 25 was
employed:

F(E)=Fp, > exp
lattK:() K (277_0_(2))1/2 20(2)

—(Ezp—E— Kﬁwo)z}

4 4 4
sESS S exp[— S — S, — $515755'SY % exp|:_(EZPL_E+Lﬁw1 + Mliw, + Nhw;)®
loci o= = LIMI!N! Q2L+ 1)} (L + 1)a?

where S, and S| , ; are the Huang-Rhys factors for the aver-
age lattice and the three local vibrational modes with the
frequencies w, and ,, 3, respectively; oy and o are the
widths of the individual phonon lines of Gaussian shape for
the average lattice mode and the three local modes, respec-
tively; and Ep; is the zero-phonon line energy.

The analysis of experimental spectrum reveals that the
vibronic lines of higher progressions become successively

(2)

broader. For example, the FWHM of ZP(1) line at
15280 cm™' is equal to 5.2 cm™!, whereas the FWHM of
ZP(1)+ho, (15492 cm™) and ZP(1)+2hw, (15705 cm™)
phonon lines equals to 12.6 and 19.6 cm™!, respectively. To
account for this broadening, in the line shape function of Eq.
(2) the widths of the L (L=0-4) series of harmonic lines of
Gaussian shape are multiplied by a factor of L+ 1. Moreover,
the widths of the phonon lines for hw,~81 cm™'(0,) and
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TABLE III. Parameters of the line shape function of Eq. (2) for the 4f°—4/554" transitions of Sm”>* in

SrCl,.

Value
Parameter Band A-1* Band A-1I* Band A-III*
Ezpi (1) 15279.9£0.1 cm™ 16268.0+0.4 cm™! 18018.0+0.1 cm™!
Ezp(2) 16297.0+0.2 cm™!
Ezp(3) 16743.0£0.3 cm™
S 1.49+0.03 1.66+0.03 1.44+0.02
S, 0.70+0.05 0.71+0.03 0.52+0.02
S3 0.51+0.05 0.28+0.03 0.19+0.02
hw, 212.6+0.2 cm™ 212.2+0.3 cm™ 213.6+0.1 cm™
hw, 115.7+0.8 cm™ 111.2+0.6 cm™ 115.6+0.4 cm™
hos 81.4+0.7 cm™! 65+1 cm™! 91«1 cm™!
o 2.57+0.06 cm™ 5.8+0.1 cm™! 3.24+0.05 cm™!
oy 9.2+0.6 cm™! 104+0.4 cm™! 7.3+0.3 cm™!
o3 9.2+0.6 cm™! 10.4+0.4 cm™! 7.3+0.3 cm™!
So 3.1+£0.2 3.38+0.05 2.4+0.3
ho, 140£10 cm™! 140+2 cm™! 164+19 cm™!
oy 82420 cm™! 75+4 cm™! 128424 cm™!

aBands labels correspond to those in Fig. 3(a).

hw;~115 cm™ (03) modes were assumed to be the same
(0,=03), but they were allowed to be different from the
width of that for the hw; ~213 cm™' (o) mode. Thus, in Eq.
(2) o=0, for M=0 and N=0 (which corresponds to ZP lines
and ZP+ Lhw; phonon lines), and o=0,= 03 otherwise.

A non linear least-square fitting of Eq. (2) to the experi-
mental absorption spectrum was carried out and the param-
eters obtained from this procedure are listed in Table III. The
model calculated spectrum is plotted in Fig. 3(b).

One may state that a very good agreement between the
experimental and calculated spectra was achieved, with the
consistent values of the optimal spectral function parameters
resulted for the three independently fitted bands. It is worth
to notice that the very satisfactory results were obtained not
only for the A-I and A-III vibronic bands, arising from the
single electronic origins, but also for a relatively composed
A-II vibronic massive, consisting of overlapping vibronic
satellites accompanying the three ZP lines.

The dimensionless Huang-Rhys parameter S is related to
the displacement AQ, along the nuclear coordinate Q; of
mode k as follows: 26

_ mCypu
ok

Sk (AQy? 3)
where 7, is frequency of a vibrational mode (in [cm™']) and
w is the reduced mass. For S(a;,)=146 and ¥(a;,)
=213.1 cm™! values, obtained by averaging parameters de-
rived for A-I and A-III bands (Table II), and w(a,)
=m(Cl), we obtain from Eq. (3) the absolute equilibrium
displacement [AQ(a;,)|=0.114 A. This corresponds to the
Sm-Cl bond length difference |ARgy, ci(a;,)| between the
ground 4/° and first excited 4/55d" state of |ARgy ci(a,)]

=|AQ(ay,)| /\/8=0.04 A. From this analysis it is not possible
to determine the sign of ARgy, ¢i(a1,). However, the results
of the quantum mechanical calculations®’ indicate that for
lanthanide and actinide ions in sixfold octahedral and eight-
fold cubic complexes the bond length between metal ion and
the surrounding ligands shorten upon nfY—nfN!'(n+1)d"
excitations. Thus, we can safely assume that the 4f°
—4f°5d" excitation of Sm>* in SrCl, is accompanied by the
Sm-Cl bond decrease by about 0.04 A.

V. CONCLUSIONS

In this paper, a low-temperature 4f°— 564" absorption
spectrum of Sm?* in SrCl, single crystals, recorded in the
spectral range extended to 45 000 cm™', has been presented.
In the region above 25000 cm™! a number of absorption
bands, to our knowledge not reported so far in the literature,
has been identified, among them those resulting from transi-
tions to the 4f°5d'(1,,) levels. Taking into account the good
quality of the recorded spectrum, with the well separated
bands observed in a broad spectral range, as well as a very
well resolved fine vibronic structure for transitions between
the 15 000 and 25 000 cm™!, one may state that this spectrum
provides some of the most abundant experimental informa-
tion on f-d spectra, as compared to other hitherto reported
for Ln3* or Ln?* ions.

The predominant phonon line observed in the spectrum
corresponds to a ~213 cm™'v(a;,) stretching mode. The
value of S(a;,) ~ 1.5 determined for the Huang-Rhys param-
eter points to a relatively weak electron-lattice coupling. Be-
sides the totally symmetric mode, the two other vibronic
modes, at ~81 cm™! and ~116 cm™!, are recognized in the
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spectrum. From an analysis of the vibronic structure 13 zero-
phonon lines, corresponding to transitions from the 7F0
ground multiplet of the 4/° configuration to the 4/°5d'(e,)
levels, were assigned between 15 000 and 25 000 cm™'.
Energy-level calculations for the 4f°5d' configuration of
Sm?* have been performed using a theoretical model for nf"
energy levels extended for interactions related with the pres-
ence of d-electron and the overall 4f°— 5f°6d' absorption
spectrum has been very satisfactorily reproduced. The calcu-
lations predict some lower intensity bands, at energy be-
tween 45 000 and 55 000 cm™!, which spread beyond the re-
gion of the recorded experimental spectrum. The optimized
values of F*(ff) and {,Aff) parameters for the 4/°5d" con-
figuration are close to those for the 4f° configuration of
Sm**. The direct, F¥(fd), and exchange, G/(fd), Coulomb
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f-d interaction parameters are reduced to about 60% of the
free ion values.

The vibronic structure observed in the spectra is ad-
equately reproduced using the theory of multiphonon vi-
bronic coupling to electronic transitions. It is assumed that
the sharp vibronic sidebands result from the coupling to three
local modes, whereas the lattice mode induces a broad back-
ground. The fitting of experimental vibronic spectrum have
been performed for the three well resolved absorption bands
in 15 000—19 000 cm™' region and the consistent parameters
of the vibronic line shape function for f-d transitions of
Sm?*:SrCl, have been determined. On the basis of the de-
termined value of the Huang-Rhys parameter the shortening
of the Sm-Cl bond by about 0.04 A upon the 4/°— 47°54"
excitation was deduced.
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