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The 'D3(4f6) 'Fo(4f )-transition of Sm'+ in SrFC1 is found to be anomalously strong and it exhib-
its an asymmetric line shape, which is interpreted in terms of resonant interaction between the D3 ex-
cited state and the vibronic levels of a low-lying 4f~5d electronic state. The electronic coupling
strength is estimated to be on the order of 100 cm . The symmetry species of interacting levels are
identified, and the possibility of an Ex(b~+b2) type of Jahn-Teller effect in the 4f Sd state is dis-
cussed.

I. INTRODUCTION

An interference of transition matrix elements can occur
for transitions with a common initial (final) state and cou-
pled final (initial) states. A case of special interest is with
(quasi-) resonant coupling between a discrete state and a
continuum of states, which produces asymmetric lines or
antiresonances in the spectrum. This effect was analyzed
by Fano, with application to the spectra of autoionizing
states in rare gases. ' Later the interference of sharp tran-
sitions with the (free- or conduction-) electron continuum
has been found and studied, both experimentally and
theoretically, in the spectra of molecules and solids.

In impurity solids, under the condition of a huge num-
ber of (energetically quasicontinuous) vibrational degrees
of freedom, the zero-phonon lines, overlapping with the
vibronic spectrum of another electronic transition, also
show characteristic interference profiles. ' Although in
this case the continuum has a different physical origin, the
Pano line-shape formula is shown to be formally applic-
able under reasonable approximations.

We report evidence about the crystal-field-induced con-
figuration mixing in Sm +:SrFCI, which results in the
D3 (4f ) - Fo(4f ) purely-electronic-line(s) (PEL) in-

terference with the vibronic band of a 4f 4f 5d inter--
configurational transition. The host crystal, SrFC1, has
point group D4h, and the Sm + ions enter substitutional-
ly at cationic Sr + sites with C4,, symmetry. The lack of
inversion symmetry at the static crystal sites is of central
importance for the effect observed. There are some exam-
ples, where the strong dynamic mixing of closely spaced
4f and 4f 5d states of opposite parity is considered to
explain the vibronic structure superimposed on the fd-
bands. In the situation of a cubic crystal site the mixing
can occur only in a dynamic way (by odd vibrations) and
the PEL will not be influenced. It is the odd part of the
crystal field, which enables the interference of parity-
forbidden f-f PEL with strong electric dipole f dtransi--

tions.
As compared to the earlier observations of Fano lines in

the vibronic spectra (detected on the strong background
absorption as relatively small antiresonances), the
above-mentioned transitions of Sm +:SrFC1 show a
strong and very clear effect, with the absorption falling
nearly to zero value at the point of maximum destructive
interference.

II. EXPERIMENTAL

The single crystals with samarium concentration of
0.3% (atomic weight units) were grown by the Czochral-
ski method in an ultrapure argon gas atmosphere. Ab-
sorption spectra were recorded on a Cary model 2300
spectrophotometer. The samples mounted in a liquid-
helium cryostat (Oxford Instruments, C2) were oriented
with the crystallographic (C4) axis parallel to the direc-
tion of the light beam (i.e., the a spectra were recorded).

III. RESULTS AND DISCUSSION

In Fig. 1 the absorption spectra in the region of the first
strong band due to the allowed f-d transitions are
presented. The weak and sharp line visible at the right-
hand edge of Fig. 1 can be attributed to the D2(E)-
Fo(A j) transition within 4f configuration. At longer

wavelengths (up to 700 nm, not shown in Fig. 1) only the
Dj(E)- Fo(A i) line has been found at T=4.2 K.

Wavelengths for corresponding IIuorescence lines (deter-
mined at 5 K) coincide with our values (563.55 nm and
632.43 nm, respectively, T 4.2 K) within the calibration
error (+ I cm '). The symmetry assignments for the ex-
cited states are given above following the selection rules of
C4,, point group, which permit only the E-A i type transi-
tions from the Aj ground state in an a-polarized spec-
trum.
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FIG. 1. Absorption spectra of Sm~+:SrFCl in the region of
the lowest 4f' 4f'Sd ban-d, recorded in a polarization at T 4.2
K, and at room temperature. Sample thickness 1.3 mm, spectral
resolution 0.2 nm. O.D. stands for optical density.
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FIG. 2. Absorption resonances of Sm + ion in SrFCl originat-
ing from two 'D3(E)-7FO(A ~) transitions. T-4.2 K.

Several sharp features are also present in the vicinity of
the broad f-d band. Part of this structure remains clearly
visible in the room-temperature spectrum, which indicates
its f-f origin. In the following, we will focus on the sharp
resonance, located at = 500 nm and enlarged in Fig. 2. It
would be derived from the D3 (excited) state, as verified
by comparison of the Di 23- Fo transitions energies of
the Sm2+ and isoelectronic Eu + ions, respectively (re-
duction of the Eu + transitions energies by 20% gives ap-
proximately the corresponding values for Smz+). '

The D3 multiplet splits into five Stark components

transforming as Ap, B~, 82, and 2E. Obviously, these lev-
els are allowed to interact with 4f 5d states having the
same symmetry. In case of strong interference eff'ect,
however, only the 5d levels terminating the electric dipole
transitions from the ground state should be considered.
At low temperatures (no therinal vibrations in the ground
state) these can be E (a and o polarization) or A i-type (x
polarization) vibronic levels. Comparison of the possible
state symmetries shows now that only the E-type levels
can be responsible for the D3- Fo PEL interference with
the f-d band. ' ' The presence of two E components in D3
multiplet is in accordance with the double peak structure
of the spectrum shown in Fig. 2.

The integral intensity of the f-d band, shown in Fig. 1,
is practically independent of temperature, which suggests
the Franck-Condon character of the corresponding elec-
tronic transition. This means that the 5d electronic state
should also transform according to the E representation,
as the selection rules forbid the transitions to all other
types of states in a polarization. Further identification of
the actual Sd state needs a more detailed analysis. Al-
though this is thoroughly performed for Sm + in CaF2-
type crystals, ' the different character of the d-electron
crystal field splitting in SrFC1 makes such an analysis a
matter of special investigation. '

We will proceed with the quantitative description of the
D3 Fo resonances. In general, the vibronic continuum,

characterized by a high-dimensional coordinate space, has
to be considered in each electronic state involved. As a re-
sult, quite complex vibronic coupling and the initial-state
averaging problem have to be resolved. However, one can
successfully separate the subproblem of zero-phonon-line
interference with the vibronic part of another electronic
transition, and obtain, at T=O K, a line-shape formula
similar to that in atomic cases. The essential approxima-
tions which lead to this result can be summarized as fol-
lows: (i) The adiabatic approximation is valid for the
zeroth order wave functions (defined for the system
without discrete-continuum interaction); (ii) the matrix
elements of these wave functions can be calculated in the
Condon approximation; (iii) radiative and phonon-assist-
ed relaxation processes can be neglected. On the other
hand, the presence of only one single zero-phonon transi-
tion is not a limitation, in principle, for the analogy with
the atomic case. Therefore, to describe the spectrum de-
picted on Fig. 2, Fano's result for many excited discrete
states' should be usable, provided the above listed condi-
tions (i)-(iii) are fulfilled. After some algebra, the ab-
sorption profile K(v) in the presence of two discrete states
may be written as'

rC(v), + (Ci(z+4ie~+kqi)
Z.(v) (g, g, )'+(g, +g, )'

where
v vi v v2

(ril2) ' ' (r,/2) '

and Ko(v) is the absorption profile because of the continu-
um alone. The parameters (v;, I;, q;) correspond to two
discrete levels (i =1,2) and describe the resonant frequen-
cy, linewidth, and asymmetry, respectively. The parame-
ter p accounts for the additional background absorption if
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several continua are present (0 (p ~ 1, where the equali-
ty holds for the single continuum).

The most sensitive point with respect to justifiability of
conditions (i) and (ii) is the degeneracy of the excited
Sd(E) electronic state. We first notice that the actual f-d
transition is strongly coupled to the phonons, as there is no
PEL in the spectrum, which could be associated with this
transition. At the same time, the f-d band has a non-
Gaussian shape at room temperature, and, at T=4.2 K,
the structure (consisting of two peaks separated by 100
cm ') appears in the center of the band. In the case of
large Stokes losses, the latter features cannot be under-
stood when interpreted as resulting from transitions to
nondegenerate electronic states, but, instead, are both
characteristic for the transition to an E-type electronic
state subject to the Jahn-Teller effect. ' Both symmetry-
allowed Jahn-Teller active modes (b~ and b2) should be
involved, as the purely static E x bi as well as E && b2-type
eff'ects are known to result in a spectral profile comparable
to the one in the case of a nondegenerate final state. '

The structure in the center of the A~ E transition
spectrum should correspond to the excited vibronic levels
at (or above) the central maximum of the lower adiabatic
sheet. ' The vibronic levels coupled with the purely elec-
tronic D3 states lie =500 cm ' lower, and, therefore,
can quite reasonably be considered as located in two
different Jahn-Teller conformations. That is to say, one
can effectively define two electronic wave functions (lx)
and ly) ) for these conformations and describe the in-
terference pattern still in the frame of the adiabatic ap-
proximation. Then, the problem should be analyzed in

C2,, symmetry. It is easy to verify that the transitions to
the electronic states lx& and ly& are of the Franck-Condon
type (i.e. , allowed in static lattice) and the static interac-
tion between these states and D3 (E B~+B2) states is
also "permitted" by symmetry. Consequently, the Jahn-
Teller effect can be considered in the analysis of interfer-
ing transitions as a static one and our previous discussion
will not be seriously altered. The new feature is that, in-
stead of one continuum, two vibronic continua with quite
symmetric properties are expected.

To fit the experimental spectrum, the spectral resolu-
tion of the monochromator (3 cm ' in case of spectrum
shown in Fig. 2) has to be taken into account. For that,
the function (1) was convoluted with an apparatus func-
tion of triangular form. The best fit result, achieved at the
values of the parameters v~ =20037.0 cm ', v2 =20014.5
cm ', I ~ 4.6 cm ', I 2=4.8 cm ', q~ =1.4, qq= —4.6,
p =0.65, is shown as a solid line in Fig. 2. The fitting er-
rors were estimated to be ~ 0.2 cm ' for vt and v2, and
~ (3-5)% for other parameters. '

To give an exact physical definition of the listed param-
eters, i.e., to relate them to the interaction matrix ele-
ments on zeroth-order wave functions, one has to perform
the diagonalization procedure in full form along the lines
sketched by Fano. ' This treatment is now under progress
for the model representing Sm + in SrFC1. It is, however,
clear from previous treatments" that the linewidths
(I i, I 2) do measure the coupling strength between the
discrete state and the continuum states. Under conditions

(i) and (ii), as it is precisely shown for a single zero-
phonon transition, the electronic and vibrational parts of
the interaction matrix elements factorize as

(2)

where A =(fl V„ ld) is the electronic matrix element of in-
teraction operator V„, and G2(v) is the vibrational overlap
factor at resonance frequency. Assuming the set of nor-
mal coordinates in the 4f excited and ground state to be
the same, the value of G2(v) may be calculated from the
normalized f-d band shape. (Although this statement is
not exactly valid in the presence of the Jahn-Teller eff'ect,
it can be used, at least in the case of allowed f-d transi-
tion, to obtain a rough estimate. ) Normalizing the f d-
band (lower spectrum in Fig. 1, T=4.2 K) in the spectral
interval of 455-520 nm one obtains 62 =6x 10 cm at
v 20030 cm '. Insertion of this value together with
average linewidth I =(I ~+I 2)/2 into the expression (2)
leads to lAl =110cm ', which is at least one order small-
er than the main electronic interactions in free ions ' or in
the d-electron crystal-field effects (in cubic crystals). '

The parameter p, with a value less than one, can be re-
lated to the presence of two vibronic continua arising from
electronic states lx) and ly). This effect is strictly analo-
gous to the case of several orthogonal continua in autoion-
ization phenomenon. In the vibronic problem, in addi-
tion, the p value may be effectively lowered by the small
deviations from conditions (i) and (ii). The same state-
ment is valid for condition (iii), which can now be formu-
lated more explicitly: it requires the phonon relaxation
times to be much longer than the inverse values of
linewidths [for the average linewidth (2xcI ) ' =10 ' s
at T=4.2 K].

IV. CONCLUSION

We have shown that the anomalous spectral features
(asymmetric line shape, strong intensity) of Di FD tran--
sition of Sm + ion in SrFC1 are due to the mixing of
D3(2E) and 4f Sd(E) states with the estimated elec-

tronic coupling strength of the order of 100 cm '. The
shape of the actual f-d transition spectrum can be ac-
counted for by the Ex (bi+b2)-type Jahn-Teller effect in
the 4f Sd(E) state. Further investigation would be excit-
ing from this side of the problem, as the presence of reso-
nant f-d mixing leads, in fact, to the coherent motion be-
tween two Jahn-Teller conformations at the energies of
D3 levels.

The remarkable point, to be explained, is also the
difference compared to the case of BaFC1 host, where the
interference effect of Sm + D3- Fo lines seems to be ab-
sent' in spite of the same crystal structure and a very
similar f-d absorption.
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