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Time-dependent luminescence of self-trapped excitons in alkaline-earth fluorides excited
by femtosecond laser pulses
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We studied the decay of self-trapped excit¢83E'’s) in BaF,, SrF, and Cak excited at room temperature
by two-photon absorption of femtosecond laser pulses by recording time-resolved triplet-luminescence spectra.
For Bak, we detected significant spectral changes as a function of decay time but this effect was much less
pronounced for Srf-and barely to be identified in CaFA careful analysis of Bajdata revealed two principal
decay times of 0.6xs and approximately 4s, respectively, where the latter is actually a range of decay times
correlating with photon energy within the luminescence band. We attribute this spectral characteristic to a
superposition of contributions from several relaxed STE configurations while the two principal decay times are
believed to result from the zero-field splitting of tA& ! state of the STE.
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[. INTRODUCTION could account for the observed differences in shape and po-
sition of the luminescence spectra where the most trivial one
Intrinsic electron-hole recombination luminescence in thes the characteristic of the spectral response of the experi-
alkaline-earth fluorides BaFSrF,, and Cak occurs via self- mental apparatus used. Furthermore, the sample temperature
trapped excito{STE) states characterized by substantial lat-can be of influencé As we will demonstrate below, also the
tice relaxation. Singlet and triplet states of the STE are spliPosition and width of the sampling interval for the lumines-
by crystal-field interactions in the,,, point symmetry of the ~Cence in a time-resolved measurement play an important
relaxed lattice configurations. Neglecting crystal-field split-Cl€: _
ting for the moment in order to employ the more generic In the present paper we report on luminescence measure-

notation appropriate t®., molecular symmetry, we will ments performed at room temperature W'th spectral and time
. . . + resolution, and revisit the question of different relaxed STE
refer to the singlet and triplet excited states ‘&, and

3ot : M ~ " configurations and their effect on the luminescence. We be-

2, which decay to thé’X.; ground state by the emission jieye that a key to their understanding is an investigation of
of characteristic luminescence. While the ~singlet- the detailed spectral features of the luminescence spectra,
luminescence has a short lifetime of a few nanoseconds &brrelated with time dependence. The availability of intense
low temperatures, thés| state is metastable with typical ultrashort laser pulses in the ultraviolet spectral region now
decay times longer than microseconds. Only the triplet lumiallows us to study the dynamics of excitons also in wide-
nescence will be discussed here. It has been extensively stugand-gap halide$.In this paper we present luminescence
ied by Williamset al! who investigated the decay behavior spectra of STEs generated in fluorides with femtosecond ul-
after excitation with electron pulses. At 10 K they found thattraviolet laser pulses that we probe with an optical multi-
for all of the three materials there are three main decay corehannel analyzer having gated time resolution. We present a
stants ranging from about 5@s to several milliseconds. A comparative study of the three alkaline-earth fluorides,,BaF
fourth component of 29 ms was found in Baénly, but it  SrF,, and Cak, and demonstrate that they differ signifi-
was not investigated in detail. When raising the temperaturesantly with respect to spectral features of their time-
the three decay times merged into one around 50 K in,CaFdependent luminescence decay. In accordance with the men-
and around 100 K in SgfF but there were also indications tioned previous studies where STEs have been created by
that it is possible to observe two components at higher tempulsed electron irradiation, we observe more than one decay
peratures. There is only one pap&nown to us about the time but additionally find a spectral variation of the largest
temperature dependence of the decay times for,Baker-  decay time for Bag Our data can consistently be interpreted
ing the temperature range from 5 to 160 K. As pointed out byin terms of a model proposing that the levels of several STE
Williams, et al,* the different decay times of the STE’s at configurations are occupied at room temperature and that the
low temperatures could originate either from different spatiatemporal and spectral behavior of the luminescence decay is
configurations described below or from different transitiongoverned by the specific decay times for the configurations
probabilities of three triplet sublevels in the crystal field ex-or transformations from one configuration into another.
perienced by the STE, or from a combination of the two.

Generally, luminescence spectra of STE’s in fluorides are Il EXPERIMENT

very broad, asymmetric, and similar for BaFSrF, and
CaF, but one finds that the details of the spectra depend on Samples were the highest purity BaFsrk, and Cak
experimental condition®:®> There are several reasons thatsingle crystals grown by KorttKiel, Germany with cleaved
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or polished(111) surfaces. Sample thickness varied but wassilica lens with 20-mm focal length and guided through a

typically 5 mm. To generate the light for excitation, a mul- fused silica glass fiber bundle to the entrance slit of the

tiline Ar™ laser (Spectra-Physics, Mountain View, U$A monochromator. We have not calibrated the wavelength-
pumped a mode-locked Ti:sapphire lag@DP, Moscow, dependent transmission of the optical detection system,
Russia which seeded a regenerative amplifiéPositive which is influenced by the transmission of the optical fiber

Light, Los Gatos, USA pumped by a frequency-doubled @nd the characteristic of the focusing lens, the mirrors in the
Nd:YAG (where YAG stands for yttrium aluminum garpet Monochromator, and the CCD. Before each measurement,
laser(Spectra-Physics, Mountain View, U$Aadiation. The however, the monochromator was calibrated with respect to
unit provided pulses with a length of typically 130 fs and an'Wavelength by a mercury lamp.

energy of up to 2 mJ at 10-Hz repetition rate. The fundamen- _ 1© improve the signal-to-noise ratio, we averaged the lu-
tal beam with a wavelength of 840 nm was frequencyMinescence intensities of many laser shots. The measure-
doubled two times by BBO crystals where the fourth har-ments ef the_pulse energy dependence of. the total lumines-
monic was separated from the fundamental and the secorfgnce intensity were done with a gate width of S, a
harmonic by several dielectric mirrors in the optical path. Bydelay time of 30 ns, and an accumulation of 1000 shots; the
this procedure we generated laser pulses with 5.9-eV photddminescence decay measurements at early times with a gate
energy and 1QzJ pulse energy and a pulse width of less thanwidth of 100 ns and an_accum_ulatlon of 3QOO shots; and the
270 fs. The pulse energy of the fourth-harmonic pulses coul€asurements at late times with a gate width gfsland an

be reduced in a controlled way by a small misalignment Oiaccymulanon of 2000 shots, respectively. Fluctu_at_|qns of the
the phase-matching angle of the second BBO crystal. Due t8*Citing pulse energy were compensated by dividing mea-
the high nonlinearity in ultraviolet pulse generation, insta-sured luminescence |nten5|t|es by normalization factor_s.
bilities in the fundamental light intensity are strongly ampli- 1hese factors were determined by a procedure where we first

fied and are the main source of fluctuations in the intensity ofiveraged exciting pulse energies before and after the respec-

the exciting beam. Due to these nonlinearities and fluctuallvé measurement. From both averages we then derived a

tions introduced by the Nd:YAG laser, the fourth-harmonicMean value. Finally this value was exponentiated with an
pulses had a rms intensity noise of typically 10%, althougHfXPonential order determined by an independent measure-
the Ti:sapphire laser exhibited excellent stability. By per_ment_of the excitation pulse energy dependence of the re-
forming signal averaging and normalization as described pesPective material described in Sec. Ill. All measurements

low we could, however, obtain a much better signal-to-nois¢Vere performed at room temperature. The gate delay time
ratio in our measurements. was always set to at least 8 ns. Therefore, we can be sure to

Samples were irradiated with the unfocused beam opave obeerved on!y triplet—luminescence since the decay Fime
3-mm diameter providing a maximum photon density ofOf the singlet-luminescence is 10 ns at 10 K and certainly
1.5x 10" cm 3. In our experiments, STEs were excited via aMuch shorter at room temperature.
two-photon process. As the two-photon cross section can be
assumed to be small, we can anticipate that the actual exci- IIl. RESULTS
tation density was orders of magnitudes smaller than the
photon density and we can therefore exclude that our mea- In a first set of experiments we verified that we were able
surements were affected by an interaction between excitonty cross the band gap under our excitation conditions and
as has been observed in high excitation densityexcluded that we were addressing only defect states in the
experiments:® With our excitation we solely reach excitonic band gap linearly absorbing the ultraviolet laser light. To
states or states just above the conduction-band edge, so wecomplish this, we measured the STE luminescence as a
can also exclude multiple excitation effects as observedunction of the exciting laser pulse energy and compiled data
when exciting with synchrotron radiaticn. for all investigated fluorides in Fig. 1. For a nonresonant

To detect the luminescence we used a gated optical mutwo-photon absorption process in a double-logarithmic plot
tichannel analyzer systerfPrinceton Instruments, Trenton, of luminescence intensity against pulse energy one would
USA) consisting of a grating monochromat(50 groves/ expect a slope of exactly two. In the case of Bafe find
mm, blazed at 500 njrwith an overall spectral resolution of this value within the error of the measurement. However,
4 nm and a delay generat@tanford Research, Sunnyvale SrF, and Cak exhibit some deviations. We conclude that we
USA). The gate width could be adjusted between 20 ns and Bideed observe two-photon absorption and deviations of the
us. Spectral light intensity was measured with an array oflopes from the value of two arise from processes related to
charge-coupled device€CCD) where the dark current of impurities, structural imperfections, and surface preparation
each pixel was determined and used for background subtraes has recently been suggested by Tsujibayetsail’ based
tion prior to each series of measurements. Nevertheless, th two-photon excited STE luminescence assisted by syn-
dark current turned out to be a severe limitation for our ex-chrotron radiation.
periments since its intensity varied as a function of time and Luminescence spectra as obtained from Be#rF, and
experimental history and in regions of low light intensity CaF, are displayed in Fig. 2 where the maxima have been
exceeded the measured signal by up to one order of magniormalized to unity for a better comparison. Spectra in the
tude. Consequently, we cannot exclude that the offset presenpper frame were obtained by integration of the spectral lu-
in some of our time-dependent measurements is due to thminescence intensity over the time interval from 50 to 150 ns
dark current. The luminescence was sampled by a fusedfter excitation while measurements in the lower frame cov-
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FIG. 1. Time-integrated luminescence intensities for BaF
SrF, and Cak plotted as a function of the exciting laser-pulse
energyE. The exponential ordey for the STE excitation has been FIG. 2. STE luminescence spectra of BarF,, and Cak after
determined by fitting power function{E)=aE" to the data and  excitation with femtosecond laser pulses of 5.9 eV photon energy.
we determined values 2.1 0.1, 2.4-0.1, and 1.8 0.1 for Bah,  The plots show the luminescence yield integrated over time ranges
Srk, and Cak, respectively. from 50 to 150 ns and from 3 to @s after excitation, respectively.

dthe i I f 3 velv. Th b The gate width was set to 100 ns for early times and
ere the Interv_a rom t_o 2s, respectlve_ y. 1he most 0D- 4 us for late times. The maxima of all spectra are normalized to 1
vious feature in Fig. 2 is the systematic variation of the¢, 4 petter comparison.

maximum and width of the luminescence peaks within the
series of investigated materials. The broadest and most red- ) _ _ _ )
shifted luminescence peak is found for Bafhile Srf is 1S @ shift for all three fluorides. This was not immediately
the intermediate case, and Gahibits the narrowest spec- €vident for Cag when comparing frames in Fig. 2 only.
trum with a peak at the highest photon energy. On the on&igure 3 clearly represents the systematic trend in the pro-
hand, we note that this trend follows the band-gap energiegression from Bafto Cak, and reveals that the shift in the
of the materials of 10.7, 10.9, and 11.5 eV, respectively. ~ center of gravity is nearly three times larger for the former
is expected that the exciton luminescence energy shouldhan for the latter material. More quantitative information
scale approximately with the band gap in a family of other-can, however, not be drawn from this figure since the num-
wise similar materials. To understand the trend of luminesbers shown might be slightly affected by the reduced light
cence bandwidths, however, it may also be helpful to note

that increasing widths can be correlated with increasing theA 46
lattice constant as well as decreasing the band gap in thig
material family. The observation of a trend in increasing theE

.

STE luminescence bandwidth suggests that the degree of lag “ar 50 "V. i

tice relaxation in the STE depends significantly on the lattice 3 I v ]
3us-9pus

constant, i.e., on the space available for the motion of theg 42r
interstitial fluorine atom and the size of the vacancy binding - ]
L

3
the electron. 5
The second important observation is that the spectrafs
shape of the luminescence peaks significantly depends on ths,
delay between the excitation and the sampling interval. Thes
effect is remarkably large in the case of Bakhere the
emission maximum shifts from 4.4 eV at early times to 3.8 §
eV at late times and changes its shape completely. To de
scribe this effect more clearly and somewhat quantitatively
we calculated the centers of gravity of the spectra and dis-
played the corresponding data in Fig. 3. When applying this FIG. 3. Center of gravity of luminescence spectra in Fig. 2
procedure, the intensity in the flanks of the luminescencelotted against the band-gap energies of the respective materials
peaks is strongly weighted and it becomes obvious that theraken from Ref. 11.

4.0 |-

3.8 |

BaF, SrF CaF

nter

10.6 10.8 11.0 11.2 11.4 11.6
band gap energy (eV)
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. . FIG. 5. Same data and evaluation as in Fig. 4 but for measure-
FIG. 4. Decay of the STE luminescence in GaFearly and late ments on Srf g

delay times. Data points represent time-integrated luminescence
spectra that were taken with a gate width of 100 ns angs for

early and late times, respectively. Fits were done using a singl . ) .
exponential function with decay time; however, for long delay them(see the inset of Fig.)&hall represent the four different

times an additive constant is required to obtain a reasonably good | E configurations postulated by Willianes al! while the
fit. fifth accounts for the second-order intensity of the grating.
The Gaussians obtained from the fit to this one spectrum
transmission of our measurement system in the ultravioletvere taken as templates also for the analysis of all other
spectral region. spectra. The delay time-dependent luminescence data shown
To investigate the temporal wavelength dependence of thi& Fig. 7 has been obtained by integrating the spectral inten-
luminescence in more detail we measured the decay times 6ity over the photon energy range corresponding to the half
the STE luminescence for all three fluorides and made awidth of each of the template Gaussians. Independent from
attempt to sample luminescence intensity only in selectethe spectral behavior, we detected two principal decay con-
spectral regions. In the case of Sr&nd Cak, however, stants, i.e., one more than in the case of,Sukd Cak and
spectral effects were too small to be extracted from the back-
ground at late delay times where spectral luminescence in L L L B L N AL
tensities are extremely small. Therefore, in Figs. 4 and 5we
show the decay of the luminescence when integrated over th3
entire spectrum and extract decay time constants of (1.0.8
+0.05) s and (0.86:0.05) us for Srk and Cak, respec- <=

>
tively. For very long delay times there are indications of an 3

gne spectrum with five Gaussian functions where four of

0.8 -

NI

VA
\\\\:. o 8ns-308 ns

7 . . c L Wy 1ps-2 i
additional larger time constant; however, this cannot be sepag *° T ReTEES
rated unambiguously from a possible dark current back-f , ‘{r"ﬁ‘/z”s"’”s
04 L 47 Lo 4ps-21ps

ground. In the case of Bakve see spectral differences in the
luminescence decay. Figure 6 shows time integrated spectrg A
of several stages of the STE decay. For better comparisorg o2}
spectra were normalized to unity and smoothed by averagin(gE ! ]
seven neighboring data points thus reducing the total numbe™ ¢ =
of measurements per curve from 474 to 68 points represente e e e e T TR
in the plots. It is obvious from Fig. 6 that the high-energy
side of the spectra diminishes as a function of gate delay
time while the low-energy side gains intensity. FIG. 6. Luminescence spectra of Badbtained by integration

To describe this effect quantitatively we have taken specef the luminescence intensity over different time intervals. Spectra
tra for various delay times ranging from 1 to 28 and fitted have been normalized to unity for a better comparison.

enc

photon energy (eV)
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FIG. 8. Fit of three Gaussian functions to the luminescence
spectrum shown in the inset of Fig. 7.

r

10 F E
T=0.6us a 1 . :
° positions of theF and H center parts with respect to each
AT T S S other. The most plausible structure is configuration Il which
0 5 10 15 20 is formed by the dynamic process of STE formation without

any additional ionic rearrangemefritThe question of the
spatial configurations of the STE in alkaline-earth fluorides
FIG. 7. The decay behavior of STE luminescence inB&fata  has been addressed by experimé—ﬁtahd theoretical 18
points at early delay times have been obtained with a gate width ofyork. Adair et al’® calculated total lattice energies for the
100 ns and by integration over the entire accessible spectrum. A fﬁonfigurations in SrfFand Cak at zero temperature and
of a single exponential function to the data yields a decay constafy;nd that all four configurations in both crystals have simi-

of 0.6 us. Late time luminescence data is displayed in four sets Oiar energies around 7.6 and 9.0 eV, respectively. In,CaF

data obtained by integrating luminescence intensity over four specz .. . . . S
tral regions defined by the FWHM of fitting Gaussian functions to Configuration Il is alittle lower than the others while in $rF

the luminescence spectruftielay 18 ns, gate width 350 nshown energies for co_nf|gurat|c_>n_s Il and 11l do not differ from each

; : other. Theoretical predictions on BaRave, however, not

in the inset. .

been reported to the best of our knowledge. Experimental
. oo . evidence pointing to the existence of different STE configu-
the fits also suggests a third time constant that is, however 116 who measured

L - . rations has been presented by Eskita
again indiscernible from the background. At early times th%STE absorption spectra of Srnd observed two spectral
subbands for th& center as well as thel center absorption

decay is dominated by a uniform decay constant of (0.6
differing in their decay times. In double-excitation measure-

+0.05)us while the curves split up into branches at later
times. For the selected spectral regions we determined tim ents they also demonstrated that it is possible to transform
one component into another.

constants of (4.20.4)us, (3.2£0.4)us, (3.8:0.4) us,

and (3.2-0.3) us, re_spectlvely. Due to t_he_ overllap of It~ Based on this knowledge we now develop the interpreta-
grated ranges of luminescence and the limited signal-to-noise
ratio, this type of data analysis does not allow a precise de-
termination of a time constant for a specific wavelength but 0) ()
yields the general spectral trend. The fact that two interme-
diate decay times are very close to each other, however,
strongly suggests that the luminescence decay is indeed gov-
erned by three independent time constants. As displayed in
Fig. 8 it is possible to very well fit the luminescence spec-
trum in the inset of Fig. 7 with only three Gaussians.

delay time (us)

(V)
IV. DISCUSSION

The structure of the relaxed STE in the fluorite crystal and
its possible configurations have been revealed by €tail 12
and Williamset al! and are illustrated in Fig. 9. The STE is
composed of a J molecular ion oriented in g111] FIG. 9. Configurations of the self-trapped exciton as proposed
direction®* commonly referred to as the center part, and by williams et al. (Ref. 1 in their notations I, Il, Ill, and IV.
at theF center part there is an electron occupying a vacanhlkaline-earth ions, fluorine iond{ centers, andF centers are rep-
F~ site. The possible configurations differ by the relativeresented by the symboM?2*, F~, F,, ande™, respectively.
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tion of our time and spectrally resolved luminescence dataconfigurations but are a result of the splitting of the STE
While the basic structure of the STE is the same for allstate into sublevels due to hyperfine and crystal-field inter-
materials investigated here, the dynamics of STE formatioractions.

and occupation probability for certain configurations may be On the other hand, our data clearly shows a spectral char-
different since the ionic radii and lattice constants differ fromacteristic in the STE luminescence decay behavior for,BaF
each other. Barium has the largest ionic radius amounting tm the form of a splitting of the larger luminescence time
129 picometerpm) in contrast to 110 and 94 pm of stron- constant into three branches when analyzed with spectral
tium and calcium, respectively, and is comparable to that ofesolution. We interpret this in terms of observing STEs in
the fluorine ion which is the largest species with 133 pmdifferent configurations differing from each other in both
radius?® Due to the large space consumption of the cationstheir lifetime and the Stokes-shift of their recombination lu-
the unit cell of Bak is larger than those of Sgfand Cak ~ minescence. For configuration Il whefeandH center parts
and the lattice constants are 620, 580, and 546 pmare nearest neighbors, the lifetime and Stokes shift are the
respectively’! Therefore, theH center part of the STE has smallest but they increase with increasing distance between
more space in the fluorine cage of BafRhan in the other the defect centers, i.e., in the progression of configurations
fluorides which may result in a different STE formation dy- 11, 1ll, and I. This is well in accordance with the expectation
namics and possibly more configurations that may becom#r Franck—Condon transitions within such a molecular sys-
occupied. After the primary creation of an electron-hole pairtem in a halide cryste??3 We propose that in the case of

in the form of aV| center and an electron, the STE is formedBaF, at room temperature the levels corresponding to con-
by a combined rotational and translational movement of théigurations I, Ill, and | are occupied yielding the relatively
F, molecule from th¢100] direction into thg 111] direction ~ broad spectra shown in Fig. 2. The relations described above
driven by the excited electron filling the fluorine vacariey. principally also hold for Srf-and Cak. We anticipate, how-
This process naturally yields a STE with configuration Il. ever, that the occupation probability for the different STE
Due to the large space available in BaEseems possible configuration states critically depends on the ionic radii de-
that a thermally excited neighboring” Fion moves in the termining the steric properties of the fluorite unit cell for the
direction of the unoccupied lattice position and the electrorrespective material. For Syland Cak; the room-temperature
localizes on the free next-neighbor ionic position, a proceseccupation probability for configurations | and Il is much
resulting in configuration I1I. In the case of configuration IV, smaller than that of configuration Il due to the steric con-
two movements of F ions are necessary what appears to bestraints imposed by the smaller lattice constants. Conse-
a less probable case. The existence of this configuration hagiently, luminescence spectra are narrower for these materi-
also been questioned by electron-spin resonance rEspdts  als and less redshifted than for Bafn the case of CaFwe
cause the measured zero-field paramEtisrtoo large for the — almost exclusively observe the recombination luminescence
expected vanishing oE on account of configuration IV of type-ll STEs.

states symmetry We anticipate that this configuration does

not play any role in our measurements. Configuration | can

be formed without movements of a Fon, but the way for V. CONCLUSIONS

rotating and translating the,Fmolecule is longer than in

_conﬁguration ll. Therefore the occ_:upation Of. confi_guration L exciton luminescence in Balfis distinctly different from that

is less probable than the occupation of C(_)nﬂguratmns I a.n(?ound for the other alkaline-earth halides. The analysis of
i, bué all thrtt_ae offthenlwl can bt(_a okt)sgrf\lled .'g accordance W'”Epectrally resolved luminescence decay data suggests that for
our observations for all investigated fuordes. BaF, we are able to separate luminescence contributions

In our measurements on Bafe find two time constants from the decay of different STE configurations. The assump-
for the STE luminescence decay, one more than for the othqr

) . ; . on of occupying STE configurations in Babut to a much
fluorides. With a much higher density pulsed electron exci+ . :
tation of samples kept at a temperature of 10 K, W”"amslesser extent in Sgrand Cal appears to be plausible when

t all also determined one more d nstant for the tri considering the different steric properties of the investigated
€t al. also determined one more decay constant Tor the tpg, e rigis. It remains an open question, however, whether the
let luminescence in Bak in detail four, but only three for

S qc iivelv. Th | dat different configurations are occupied during the first few pi-
rF, and Cap, respectively. They alSo measured a lemperag,sqconds of STE formation or later by thermal excitation.
ture dependence for SyfFand Cak. With increasing tem-

This question might be answered by time-resolved spectro-
perature the decay Qevelops faster and the number of dec@XOpic studies measuring transient light absorption by STE'’s
times reduces. This is also expected for Baft room tem- o o currently in progress in our laboratory.

perature they measured two decay constants fop Sriel

CaFk,.. The shorter decay times 3 and 1.8 of SrF and

CaF, respectively, have the same order of magnitude as our ACKNOWLEDGMENTS

values but are somewhat larger. We speculate that the devia-

tions may be caused by different excitation methods of The authors are grateful to M. Kirm for stimulating dis-
STE’s where our low density multiphoton excitation might cussions and making experimental results available to us
preferentially create STE’s adjacent to defect sites resultingrior to publication. This work was supported by the Deut-

in a reduction of the STE lifetime. We propose that the twosche Forschungsgemeinschaft, Sonderforschungsbereich 450
principal decay times are not related to the different STEand NATO Cooperative Research Grant No. 974075.

In summary we have shown that the decay of self-trapped
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