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Pseudo-Stark effect and hole-burning spectroscopy of the 590-nm center in SrF,:Na™ crystals
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The local structure of the color center responsible for the zero-phonon transition at 590 nm in
SrF,:Na® crystals has been investigated using hole-burning spectroscopy in an external electrostatic field
applied along several crystallographic directions of the crystal. The experimental results and the
theoretical interpretations indicate that this center may be an F, ,{(110) center, that is a neutral diva-
cancy center oriented along (110) similar to F, centers in pure SrF, crystals, but significantly modified
by the presence of sodium at the nearest-neighbor strontium site.

I. INTRODUCTION

Color centers in metal fluoride MeF,-type crystals have
been studied extensively in the past, partly because their
large vibronic emission bands offer prospects for tunable
lasers. This is, for example, the case with the F*2 A
centers in alkali-doped CaF, and SrF, crystals."? Their
emissions are interesting and could supplement organic
dyes for tunable sources in the red and near infrared, but
problems with thermal or radiative stability exist. These
centers tend to transform into others under temperature
or irradiation perturbations.?”* Consequently, further
investigations are necessary to control their chemistry.
Additionally, basic questions still persist concerning the
microscopic structure of some centers, such as the defect
in SrF,:Na* associated with a zero-phonon line at 590
nm, which we shall call the “590-nm center,” for brevity.

Color centers in SrF,:Na™ consist of electrons trapped
on F~ vacancies. Doping with an alkali ion can stabilize
the center and procedures to create different kinds of
centers in MeF,: A T (4T=Nat,K™",...) have been
studied.®> The 590-nm center is more stable than many
others. )

Many investigations have been performed on the 590-
nm center, especially with magnetic circular dichroism
(MCD) techniques on the associated vibronic bands,’ and
by electron paramagnetic resonance (EPR).® Its non-
paramagnetic properties clearly show that it has an even
number of optical electrons, most probably two. Regard-
ing the local structure, Rauch’ suggested that the 590-nm
center is made of two electrons distributed on three adja-
cent fluorine vacancies along ¢ 100) direction close to an
Na™’ dopant (C, point-group symmetry, see Fig. 1). But
other possibilities exist for two-electron color centers in
SrF,:Na™. The aim of this paper is to present experimen-
tal results which support a new model for the 590-nm
center: an F, ,{110) (C,, point-group symmetry).

Knowledge concerning local physical structure of color
centers is often difficult to obtain due to the presence of
broad vibronic bands which obscure zero-phonon lines.
When observable, zero-phonon transition wavelength and
splitting patterns in external fields provide key informa-
tion about the local structure of the center. However, in
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FIG. 1. Schematic diagram of the structure of a linear F*; ,
center. The point-group symmetry is C;. The only mirror plane
is (110).
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the case of external electric fields (Stark effect) for exam-
ple, very high field values are normally required to cause
observable shifts or splittings of the zero-phonon line
even at low temperature, due to a considerable residual
width of the transition (inhomogeneous broadening).
Nevertheless, such experiments have been performed
with electrostatic fields on the F,{(110) centers in SrF,,®
and on F*, ,(100) one-electron centers’ in alkali-doped
CaF, and SrF,.!%!! Here we have applied techniques of
hole-burning Stark spectroscopy to overcome the need
for large fields in studying the 590-nm center in
SrF,:Na™t.

Spectral hole-burning spectroscopy can be a very
powerful technique for the study of color centers whenev-
er it is possible to burn a persistent spectral hole in the
zero-phonon line. Such a narrow feature, only a few
MHz in width, behaves like a sharp, homogeneously
broadened absorption line, and it makes possible the ob-
servation of spectral shifts and splittings in small electric
fields, applied along different crystallographic directions
at field strengths reduced by the ratio of the homogene-
ous to inhomogeneous linewidths of the zero-phonon
transition. Under these circumstances, Stark fields of 1
kVcem ™! or less are normally sufficient for experimenta-
tion.

Selection rules, relating observed Stark splitting pat-
terns to the polarization of the incident light and to the
direction of the Stark field in the crystal frame, allow
determination of the local symmetry of the center, as
demonstrated in earlier experiments performed on NaF
color centers.!?

II. EXPERIMENTAL

Crystals of SrF,:Nat were prepared using the pro-
cedure described in Ref. 6. The crystal structure is face-
centered cubic with a cubic cell edge of a =5.8 A, with
easy cleavage along the [111] direction. Each F™ ion is at
the center of an Sr?* tetrahedron (T, point-group sym-
metry). All experiments were done at pumped liquid-
helium temperature with samples immersed in the liquid.
Conventional absorption spectra were recorded with a
Perkin Elmer spectrophotometer providing a 0.8-A reso-
lution, while hole-burning experiments on zero-phonon
transition (A=589.95 nm) were performed using a
Coherent 599-02 cw single-mode dye laser which was
continuously tunable over a frequency range up to 30
GHz. The instrumental width of the laser was about 1
MHz. Fringes of a confocal Pérot-Fabry interferometer
with 1.5-GHz free spectral range and a finesse of 350
were recorded simultaneously with our spectra for cali-
bration.

Electric fields were supplied with transparent tin oxide
electrodes on fused quartz windows in close contact with
the sample surfaces. In order to reduce the effect of laser
intensity fluctuations, hole-burning spectra were recorded
using two GaAs photodiodes, and the light transmitted
by the sample was normalized to the incident laser inten-
sity. Persistent spectral holes were burnt in the zero-
phonon line at zero field and subsequently read with low-
intensity light in the presence of an electrostatic.field ap-
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plied along either the [100], [110], or the [111] direction
of the crystal. Relative orientations of the crystal axes,
the polarization of light, and Stark field were recorded
for each spectrum.

III. THEORETICAL BACKGROUND

The theoretical context of our work may be understood
by considering the general nature of the eigenstates and
eigenvalues of a two-electron center, starting with a point
group of the highest possible symmetry and then analyz-
ing level shifts and splittings as the symmetry is lowered
in keeping with experimental conditions. We therefore
begin the problem of determining the energy levels of a
two-electron center by considering it to be a H, molecule,
with axial and inversion symmetry (D, point group), in
an isotropic medium. When anisotropies of the real local
environment are taken into account, the different elec-
tronic states of the H, molecule must be decomposed
with respect to irreducible representations (I";) of the
new symmetry group. For each point group associated
with a particular structure of the center, the representa-
tions corresponding to energy levels have a precise sym-
metry dictating selection rules for the electric dipole tran-
sitions, as indicated, for example, in Refs. 14 and 15.

Surprisingly good results about F, and F,-like color
centers are obtained by the very naive model, first intro-
duced by Herman, Wallis, and Wallis,'® of the H, mole-
cule embedded in a dielectric continuum. The ground
level is a nondegenerate 'S state. Intense optical ab-
sorptions are expected only toward other spin-singlet lev-
els (excited spin-triplet states are metastable and can be
observed by EPR). The two first spin-singlet excited
states of the H, molecule are nondegenerate 'S, and
doubly degenerate l!m,; the corresponding transitions
from the ground level are polarized, respectively, parallel
and perpendicular to the molecular axis (here the line
that joins the two vacancies). Of course, the symmetry of
the real problem is not D, but one of its subgroups.
Therefore, the 11ru level degeneracy is often lifted and the
selection rules may be slackened. We shall tentatively as-
sume that the spectra of F™;, and F,, centers are
coarsely similar, since both of these centers have two op-
tical electrons.

The probability of optical transition between I'; and T';
states is determined by the square of the relevant transi-
tion matrix element between these states, namely
(T;|—p-EL|T;) (=p-Ey), where p=3e-r; is the elec-
tric dipole transition moment of the center and E; the
electric field of the light. From group theory, one may
predict for light of a given polarization the natures of the
states I'; and T'; for which the above matrix element is
nonzero. The information brought by the observed selec-
tion rules are all the more accurate that the color center
point group has a higher symmetry.

In an external electrostatic field, each state I'; is shifted
(in first order) by a Stark term of the form
(I;|—p-Eg|T;). Observation of the optical transition
between I'; and I'; states should, therefore, reveal a shift
of the transition energy given by
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8p-Bs=(T;|—pIT;) —(T;|—plT;))-Es .

The shift vanishes in the presence of inversion symmetry,
since then diagonal matrix elements of polar vectors,
such as u, are zero. Hence, the Stark shift of the transi-
tion energy is zero or nonzero in first order, depending
sensitively on local symmetry, the optical transitions of
interest, in the framework of the H, molecular model, are
allowed both in the presence and absence of inversion
symmetry. If more than one symmetry-equivalent orien-
tation exists for a set of low symmetry centers, an electric
field will in general cause a different Stark shift for
different subsets of centers. This lifting of configurational
degeneracy, or pseudo-Stark!” effect is revealed by a split-
ting of spectral lines. The pseudo-Stark splittings are
sensitive to the local symmetry of the crystal, and in this
work we have used pseudo-Stark results for various po-
larizations and electrostatic field orientations to attribute
a local symmetry to the 590-nm center in SrF,:Na™.

IV. RESULTS

Figure 2(a) shows absorption bands at 7=1.5 K aris-
ing from the different color centers in SrF,:Na®. The
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FIG. 2. (a) Absorption spectrum of SrF,:Na™ crystal at
T =1.5 K measured in optical density OD=log,y(I; /I,), where
I; and I, are, respectively, the incicent and transmitted light
through the crystal. The attribution of the different bands are
taken from Ref. 5. (b) Magnified section of the absorption spec-
trum around the 590-nm zero-phonon line at 7=1.5 K mea-
sured in optical density OD=log,y(I;/I,), where I; and I, are,
respectively, the incident and transmitted light through the
crystal.
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center of current interest has two broad absorption bands
centered at 490 and 555 nm. The former corresponds to
a transition of the type s—p,, and is nonmagnetic,
whereas the latter corresponds to a nearly degenerate
s —(py,p, )-type transition.> A hole can be burnt inside
the zero-phonon line of the long-wavelength band, locat-
ed at A=589.95 nm as shown in Fig. 2(b). The decay of
excitation at this wavelength exhibits three different life-
times. The fluorescence lifetime has been measured as 4
ns.'® Second, metastable decay from triplet levels of the
center reached by intercrossing occurs with an observed
decay time of less than 100 ms. Measurements of similar
phenomena have been performed at 77 K on analogous
centers in CaF,,!” and on F™; centers in NaF at 4.2 K;2°
the decay times were, respectively, 0.83 and 2.5 s. Third,
persistent hole burning may be observed (with mono-
chromatic excitation) which decays on the time scale of
several hours.

While mechanisms of persistent hole burning in this
system have not yet been determined and are not dis-
cussed here, the spectra of Fig. 3(a) clearly reveal
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FIG. 3. (a) Pseudo-Stark splitting for different values of the
electric field applied along the [100] direction for a crystal
thickness of 1.58 mm. The light polarization has no simple rela-
tionship with the crystallographic axes. (b) Plot of the hole
splitting vs the applied voltage for an electric field oriented
along the [100] direction.
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pseudo-Stark splitting of spectral holes within the zero-
phonon line for different values of the electrostatic field
oriented along the [100] direction. The splitting is linear,
with a pseudo-Stark coefficient of 3.5 GHz/kV, as is
shown in Fig. 3(b). Splitting coefficients observed with
electric fields in directions different from [100] have
smaller magnitudes they are approximately proportional
to the cosine of the angle between the electric field and
the nearest [100] direction.

This means that the Stark dipole moment du of the
differently oriented centers is along the {( 100) direction.

In Figs. 4 and 5 spectra are shown which reveal impor-
tant information about the orientations of the optical and
Stark dipoles. In these spectra particular polarizations of
the light have been chosen. Figure 4(a) shows that no
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FIG. 4. Hole-burning spectra of the 590-nm zero-phonon line
for different orientations of electric field Eg and light polariza-
tion E; with respect to crystallographic axes. The crystal
thicknesses are 1.58 nm for spectra (a) and (b), and 1.9 mm for
spectrum (c). The central hole on the spectra (a) and (b) reveals
the presence of centers, selected by light, but with a Stark dipole
orthogonal to Eg. Spectrum (c) indicates that all centers excited
by light polarized along [001] have the same nonzero Stark di-
pole component along [110].
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FIG. 5. Hole-burning spectrum for an electrostatic field ap-
plied along [111] and an arbitrary light polarization (crystal
thickness is 1.84 mm). Since the Stark dipole is along [100], it
has the same projection along [111] for each selected center and
we only observe two holes.

effect occurs when E; and Eg are parallel. This result can
occur only if the optical transition dipole and the Stark
dipole are perpendicular, and give rise in the figure to a
central hole which does not shift or split at all. Shifted
holes can appear together with unshifted central holes if
two orientational classes of centers are simultaneously ex-
cited by the incident light. As an example, the central
hole in Fig. 4(b) is due to the excitation of 590-nm centers
which have their Stark dipole moment along [001] or
[010], but have nevertheless a significant projection of
their optical dipole moment along E;, which direction
has not been aligned along a particular crystallographic
axis. (The ratio of area for shifted and unshifted spectral
components allows us to calculate the proportion of
centers whose levels have been shifted by the electrostatic
field.) In Fig. 4(c), all centers exhibit the same nonzero
splitting (there is no central hole at all) in the presence of
the Stark field. Hence all centers which can be excited by
[001] polarization have the same projection of §u along
[110]. Figure 5 is the hole-burning spectrum for an elec-
trostatic field applied along the [111] direction. This
spectrum clearly shows that the differently oriented
centers all have their 8y along ( 100) directions, because,
despite arbitrary light polarization, every excited center
exhibits the same projection of Sy along the diagonal of
the cube. This explains why we observe only two holes
for Stark fields applied along the cube diagonal
(Eg|[[111]).

We have also briefly tested the Zeeman effect of the
589.95-nm line. The hole was observed to remain un-
shifted and unsplit under the influence of an external
0.5-kG magnetic field.

V. DISCUSSION

One may conclude from these results that the orienta-
tion of the Stark dipole 8u of the center is along a tetrag-
onal axis of the crystal, while the optical transition dipole
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pp is in a perpendicular plane. These simple results have
important implications for possible models of the physi-
cal structure of this center.

A. Linear F*; , model

As mentioned in the introduction, the 590-nm center
has long been assumed to be a linear F*; , center (Fig. 1).
However, this hypothesis is in contradiction with the
combined results of Refs. 3 and 21:

(i) By MCD experiments, Martin, Hamaidia, and Mar-
gerie® have shown that the first excited state of the center
(vibronic 555-nm band associated with the 589.95-nm
zero-phonon line) is nearly doubly degenerate.

(i) Using the hydrogen molecular ion (H';) model,
Amara et al.?! have predicted that the first spin-singlet
excited state of the linear F*; should be, as in the case of
the F, center, a nondegenerate '3 level (T, in the D,,
group), very far below the doubly degenerate 7, (I's in
D,,;). It seems dubious that perturbation by the sodium
ion should be strong enough to invert the energy posi-
tions of these I'y and I'5 levels.

Section IV results yield another argument to discard
Rauch’s’ identification of the 590-nm center: the Na*
impurity introduces a charge anomaly in the lattice and
therefore it should play an important role in the center
electric dipole moment. This impurity lies out of the
[001] axis of the fluorine vacancies (Fig. 1). Therefore, it
seems strange that the center Stark dipole moment Su
should be along [001], as experimentally observed.

B. Angular F*; , model

Another possible structure for the 590-nm center is
three fluorine vacancies forming a right-angle isosceles
triangle, decorated by two electrons, in near vicinity to a
substitutional Na™ ion (Fig. 6). Such a structure has
been proposed by Arkhangelskaya and Shcheulin?? for a
color center observed in CaF,:Na™. In order to use here
the hydrogen molecular ion model,'® we need to know the
spectrum of the right-angle isosceles H'; molecule.
Hirschfelder’s?® calculations are much too crude and, un-
fortunately, contrary to the case of the linear F',
center, no more reliable theoretical calculations have
been performed (to the best of our knowledge) to find
whether an angular F';, center should have, or not, a
quasidegenerate first excited spin-singlet level. Because
of the low point symmetry (Cg), a quasidegenerate level

° Sr2+

OF

[JF" vacancy
O Na*t

FIG. 6. Structure of an angular “F*, ,” center. Associated
point-group symmetry is C;.
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would require an accidental near-coincidence. On the
other hand, there is no geometrical reason why the Stark
dipole of the angular F*,, center should lie along the
[001] direction. The fact that we observe such a direction
for 8u would thus require a second accidental coin-
cidence. We think it, therefore, improbable that the
590-nm center should be the angular F*; , defect.

C. F, 4 [110] model

The 590-nm center is one of the most commonly and
easily observed in SrF,:Na™. Therefore, it seems strange
that this very common center would be a complex one
like linear or angular F™5,. Moreover, it is very simple
to convert F, , centers into 590-nm centers, or the re-
verse.” These “reactions” are easier to understand if both
centers have the same number of anionic vacancies, i.e., if
the 590-nm center has only two vacancies. Since the
590-nm center is diamagnetic,® it should consist of two
electrons decorating two vacancies, i.e., it should be an
F, 4 center.

In pure SrF,, two kinds of F, center are known:® a
(100) variety (C,, symmetry), where the two vacancies
are nearest neighbors, and a (110) variety (C,, symme-
try), where they are second neighbors. The former can-
not present a pseudo-Stark effect because C,, symmetry
has an inversion center. The C,, center is the most abun-
dant in the case of SrF,, where it is associated with the
605.3-nm zero-phonon line. We propose tentatively the
590-nm center in SrF,:Na™ to be the (110)F, center per-
turbed by a neighboring Na* ion either in a substitution-
al or in an interstitial location. In both cases the symme-
try is C,, since Na™' lies on the [001] binary axis of the
[110]F, center (see Fig. 7).

This structure agrees with our experimental results:

[001]
F~ VACANCY A

O
Na*

C, AXIS

FIG. 7. Proposal of a model for the 590-nm center in
SrF,:Na™: this is an F, ,[110] center with point-group symme-
try C,,.
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TABLE 1. Electric dipole selection rules in C,, symmetry.

Light polarization T, r, r, r,
Hx(”[lTO]) I, r, r, r,
wy(JI[110]) r, I r, ry
u,(]|[001]) T, r, | T,

for there to be a pseudo-Stark effect, Su must have
nonzero diagonal matrix elements. In C,, symmetry, the
Sy must transform like I';, which means it must lie along
the symmetry axis of the defect, i.e., along [001] for a
center oriented which has its two vacancies along [110],
precisely as observed. As for the optical dipole for the
589.95-nm transition, it can be along [110], [110], or
[001], depending on the symmetry of the first excited
state (see Table I). Experimental results of Sec. IV rule
out [001]. Thus the optical dipole may be along [110] or
[110]; in the latter hypothesis, it would be along the line
joining the two vacancies, as is usual for the first spin-
allowed transition of F, and F,-like centers. C,, has no
two-dimensional irreducible representation. Thus, all
levels are expected to be nondegenerate and it is natural
that we observe no Zeeman splitting of the holes burnt in
the 589.95-nm line. However, it is possible that two
different excited levels should be close enough to yield
unresolved (broad) vibronic bands, leading to a quaside-
generacy of the first excited state inferred from Martin,
Hamaidia, and Margerie’s MCD experiments.

Let us point out that if the current F,,{110) hy-
pothesis is correct, the symmetry of the first excited state
is different for the F, , center in SrF,:Na™' and for the
F,{(110) center in pure SrF, (see Fig. 8). In the latter
case, both the Stark dipole and the optical dipole lie
along the same [001] direction,® whereas in SrF,:Na* the
optical dipole is in a plane perpendicular to [001]. Prob-
ably the perturbation by Na™ is strong enough to invert
the two first spin-singlet excited levels.

Our Stark experiments cannot determine whether the
sodium perturbator is in a substitutional or in an intersti-
tial site, because the symmetry is the same in both cases.
This problem could benefit significantly from theoretical
calculations of the relative stabilities of - various
configurations.

VI. CONCLUSION

We have shown by hole-burning spectroscopy with
external electrostatic fields that the local structure of the
590-nm two-electron color center in SrF,:Na* could be
F,,(110) with C,, point-group symmetry. The Stark
dipole of the center lies along [001]. Not surprisingly,
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FIG. 8. From left to right, energy levels and correspondence
diagrams for a two-electron center in free space (H, molecule),
in pure SrF, (Ref. 8), and in SrF,:Na*. Note the inversions of
excited states in the crystal environments compared with the H,
model.

this structure is the same as that of analogous, two-
electron centers in the pure crystal, apart from the pres-
ence of the impurity ion. These results serve to em-
phasize the very useful role which can be played by hole-
burning Stark spectroscopy in crystals with observable
zero-phonon lines. They also indicate that mechanisms
for the interconversion of color centers in SrF,:Na™ need
to be reconsidered.
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