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Subpicosecond spectroscopy of hole and exciton self-trapping in alkali-halide crystals
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Subpicosecond and picosecond optical absorption spectra following band-gap excitation of alkali-halide
crystals have been measured and analyzed. It is found that a simple rule relates the low-energy edge of the
“N band” previously attributed to the one-centdrandau-typg hole polaron, the photon energy of the
(two-photon excitation pulse, and the band gap. This rule describes important features of all subpicosecond
absorption spectra of excited alkali halides compiled from the present work and other published works, within
the framework of two-photon cross-correlated absorption of the excitation and probe pulses as well as pulse
dispersion in the optics and in the sample. It is concluded that the one-center self-trapped hole in alkali halides
has not yet been identified by absorption spectroscopy in the visible-uv spectral range. The self-trapped hole
and/or associated self-trapped exciton is observed in the two-center configuration. We also report studies using
the fourth harmonic of an amplified Ti:sapphire laser to excite insulators with band gaps as large as 11.6 eV by
two-photon absorption and observe the subsequent development of defect $8€xit63-182807)05537-9

[. INTRODUCTION terg, and F centers in a variety of crystals. A surprising
phenomenon that they reported was Mhdéand, an absorp-
Fundamental band-gap excitations of alkali halides, i.e.tion feature observed in Kl, RBP4 KBr,’>® and NaBr
electron-hole pairs in delocalized band states, are known tgRef. 19 at very early time, before the absorption bands of
localize after a short time to dimensions of the order of a unithe Vy center(two-center self-trapped holeself-trapped ex-
cell! Depending on the crystal, 5-10 eV can thus be conciton, orF center had developed. Tieband has character-
centrated in the neighborhood of a few bonds by the exisistically a step like low-energy edge and, at probe delay
tence of this self-trapped excitdrand it is perhaps not sur- times of about 1-2 ps, a plateau extending to higher energy
prising that a common outcome is the displacement of lattic@bove the step. At probe delays0.8 ps, theN band spec-
ions to form vacancy-interstitial pairs, i.€5, centers andd  trum in Kl and Rbl showed structure resolved by Ivedial.
centers in the color center terminologfEach stage of this, into bands named;, a,, andB.'%** The low-energy edge
from the localization of holes and excitons to the appearancef «; is the low-energy edge of the wholé band. Because
of vacancy-interstitial pairs of several distinguishable sepathe N band appeared very early and then disappeared in the
rations, can be observed by optical absorption spectroscogame general time as the rise\gf and self-trapped exciton
conducted on a sufficiently fast time scAfé.The alkali ha- (STE) bands, and because of reasonable correspondence to
lides are an attractive model system for this kind of studytransition energies predicted by their embedded cluster
because so much of the background of self-trapping and denodel, thea; and a, components were attributed by Iwai
fect formation has been explored in prior studies. Similaret al!®*! to the one-center self-trapped hole, i.e., a small
phenomena have been studied in other insulators includingolaron involving cubic-symmetry ionic displacements
silicon dioxide, alkaline earth fluorides, silver chloride, andaround the hole. The structure of a two-center self-trapped
certain low-dimensional crystafs. hole (V| centej in alkali halides is well understood because
In the format of time-resolved absorption spectroscopyit survives a long time as a stable defect at low temperature,
the phenomena of self-trapped excitons and defect formatioand can therefore be studied by electron paramagnetic reso-
were first studied in the millisecond to 10-ns range with elechance (EPR, optical spectroscopy, polarization analysis,
tron pulse excitatiol® then, in the 10-ps range by using hopping transport, ettlts stabilization comes mainly from
two-photon absorption of, e.g., Nd:YAG mode-locked laserhole-induced formation of a covalent bond between two ad-
fourth harmonic instead of an electron pulse to creatgacent halide ions, with subsequéntainly diatomig lattice
electron-hole pair§® and more recently subpicosecond relaxation. This two-center covalently bonded configuration
studies using laser pulses of a few hundred femtosecondsas for a time assumed to be the first, as well as most stable,
duration to excite and probe the localized states and defecthannel of hole self-trapping in alkali halides. Until the work
that resul®=” Although important insight was obtained at of Refs. 10-17, there were no optical spectra in the
every major time scale, it is only in the few-ps and sub-psvisible-uv range attributed to a one-center, Landau¥§pe
scale that the processes of self-trapping and the dynamielf-trapped hole in alkali halides. One-center self-trapped
(i.e., not the slower thermally activatedhannels of defect excitons and self-trapped electrons are known in condensed
formation can be directly studied. rare gases, for example, but the localization mechanism and
Iwai and co-workers have made extensive studies of deeonfiguration in those materials are quite different from the
fect formation in the alkali halides in the sub-ps and few-psalkali halides? lwai et al1%!! calculated transition energies
time ranget®~" providing information on the early develop- expected for a one-center self-trapped hole in Kl, finding
ment of self-trapped excitons, self-trapped ho(®g cen- reasonable agreement with the energy of the obseNed
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band. By implication, thé\ bands observed in other crystals (1.45 e\j. Pulses were amplified at 10 Hz in a chirped re-
such as Rbl, KBr, and NaBr were subggested also to arisgenerative Ti:sapphire amplifier with a following linear am-

from the one-center self-trapped hofe’ . plifier stage, which delivered a final pulse energy of up to 5
Iwai and Nakamura observed that tNeband in Kl and 1,3 in a measured pulse duration of 130 fs full width at half
Rbl is produced for certain values of tkisvo-photon exci- maximum (FWHM) at the fundamental Waveleng’t?l.The

tation photon energies used to excite the crystal, and not by, jjifie fundamental was used to generate the second har-
others. They interpreted this in terms of different relaxation

pathways out of different electron-hole pair states reached ipionic (2.91_e\b_ and either third(4.36 V) or fourth (5'8.1
the two-photon excitation proce¥s!® Furthermore, Shibata €V) harmonics ins-BaB,0, (BBO) crystals. The harmonics
et al2” did not observe ahl band in KBr when using 4.1-eV Were employed for electron-hole _pair_generation in the
photons for two-photon excitation of the crystal, whereassample through two-photon absorption. BBO is phase match-
Fujiwaraet al ' found an obvious\ band in KBr when us- able for frequency doubling to 205 nffiwhich implies that
ing 4.62-eV photons for excitation across the 7.4-eV bandWo-photon excitation energies up to 12.1 eV are possible.
gap. The specifications of the excitation pulses are further out-
We have spent some time reviewing theband data lined in Sec. Il B. After harmonic generation, the leftover
here, because it is a recently discovered spectroscopic featuighdamental beam was separated from the harmonics and
which, if correctly interpreted as evidence for initial one- Passed through an optical delay line which served to provide
center localization of holes in alkali halides, represents & variable delay between the excitation and the probe. The
fairly long-lived (~1 ps) hole localization step prior to re- fundamental was subsequently focused into a 1.6-mm fused
laxation into the two-center\{,) configuration. The two- Silica plate to generate a white-light continuum which had a
center STH forms the core of the known self-trapped excitortisable spectral range from 1.4 to 2.8 eV, limited by detector
and is important in subsequent defect formation processedfray response on the low-energy end and by continuum
One-center self-trapping of a hole by cubic lattice polarizaPower falloff on the high-energy end. Generally, a single
tion is dynamically in competition with covalent boteixci- ~ SPot on the silica plate could be used for hours at 10 Hz
men formation between the open-shell halogen atom andefore damage occurred. By using a relatively thin genera-
one of its halide ion neighbors. Because of the large relaxtion medium and by minimizing the thickness of optical
ation energy of the excimer, it is the stable configuration. Ancomponents downstream from the generation, dispersion of
important question is whether it is preceded by the onethe frequencies in the continuum prior to sample injection
center small polaron for a significant and observable timeWas held to about 8 fs/nm. Using the calculated group veloc-
and whether theN band is its observable manifestation, ity dispersion, checked against the experiment at several
thereby identifying the time scale as about 1 ps. The datfoints through the probe spectrum, chirp-free spectra were
reported in this paper provide information regarding e interpolated from a dense set of experimental spe823-fs
band and its interpretation. In addition, data, different mateintervals in the neighborhood @#0). Convolution effects
rials studied, and some refinements of the zero of the timéesulting from non-phase-matched group velocity dispersion
scale growing out of the considerations of ultrafast spectrosOf excitation and probe pulsésteractingin the sample will

copy in fairly thick (~0.5 mm) dispersive samples such asPe discussed and modeled below.

This study was not begun as an investigation of khe after correction for white-light dispersion in the optics is
band, but rather as an extension of ultrafast absorption speghown in Figs. (&) and 1b). Figure 1a) shows transient
troscopy to wider band gap crystals than studied before, bfosorption as a function of excitation/probe delay in K after
use of fourth-harmonic Ti:sapphire pulsé5.8 eV) to  4.36 €V excitation aff =50 K without correction of white-
achieve two-photon excitation across gaps up to 11.6 eVight dispersion. The pulse widths of the excitation and probe
Data on Srk obtained in this way will be presented in this Were 300 and 140 fs, respectively. It can be seen that the
paper. Because the fourth-harmonic wavelen@h4 nm initial absorption appears in the blue region of the op_tlcal
lies in the highly dispersing region near the fundamentafPectra and then moves down to lower photon energies at
edge of the BaBO, (BBO) harmonic generating crystals and later delay times, since the red end of the chirped probe
some of the samples, pulse dispersion considerations ha@®€ctrum arrives in coincidence with the excitation pulse
fairly severe consequences for deep-uv excitation and uv¥hen the delay in the probe line is at a later setting than
visible probing. Part of what we present here is a descriptiofieduired for coincidence at the blue end. Figufle) Hisplays
of the use of such pulses in the context of defect spectrodh€ same optical absorption after interpolation to correct the
copy in alkali-halide and other insulating solids. In the pro-2-PS total chirp has been applied. There is no longer a
cess of measurements with the fourth harmonic on a familiarwalkover” of a dispersion-determined edge, but a single
sample, KCI, we happened onto theband phenomenon Step edge which rises at1.87 eV, and is in fact thdl band
where it had not been seen before and the study took a som@dge. Although such chirp corrections are widely used in
what different turn involving third and second harmonics ofultrafast studies, it will be seen useful to have reviewed its

Ti:sapphire and some smaller-gap halide crystals. application in the present context. We will return to the im-
portant case of early development of absorption in Kl later in
Il. EXPERIMENT this paper.

After continuum generation, collimation, and condition-
ing by colored glass filters and an aperture, the probe beam

A mode-locked Ti:sapphire laser was used to generatwas recombined with the excitation beam in a copropagating
110-fs pulses at a wavelength typically chosen as 855 nrfashion using a dielectric beam splitter and then focused onto

A. Overview
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beams, 4% of the white-light continuum was split off and
sent around the sample for use as a reference beam. Mea-
surement of the transmitted and reference spectra was ac-
complished by a dual channel optical multichannel analyzer
and 0.27-m polychromatdt. A reference probe shot without
the excitation pulse and another with the excitation present
were taken on each spot before advancing the sample auto-
matically. In this way, 60-shot pair&ypically) were ac-
quired and averaged for each delay line setting. By rastering
the sample, approximately 50 such averaged data(sets
approximately 3000 shotsould be acquired before chang-
ing the sample. Temporal coincidence between the excitation
beam and the probe beam could be determined using fre-
quency mixing in BBO at the sample position. However,
because the beams are phase matched in the BBO used for
mixing, but not in the cubic sample, we shall show below
that a more precise coincidence is obtained from two-photon
cross-correlated absorptiofPCCA) in the sample itself.
This will be used for interpretation of the data.

The crystals of Kl and Rbl were grown from zone-refined

Optical Density
o
N

18 20 22 24 26 ultrapure starting material at the University of Utah Crystal
Energy (eV) Growth Laboratory. Crystals of KCI, KBr, and Srkvere
o grown by Optovac Inc. Although individual impurity analy-
L (b) :«"df? ses of the samples were not made, divalent impurity concen-

trations in the order of 6 cm™2 are typical for these alkali-
= halide crystals. In the reported experiments, the induced
defect optical densitie§~ center,V,, or STE correspond to
about 187 defects/cr in the first 0.2 mm, accounting for
most of the optical density. This comparison, as well as spec-
tral correspondence to known intrinsic defect bands and the

0.3

%’ fact that electron trapping by anion vacancies into the
5 02 F-center ground state is relatively slow, is the basis for our
E interpretation of the data as representing primarily the inter-
3 action of electronic excitations with the intrinsic crystal lat-
B, tice.

o

0.1 B. Characterization of excitation pulses

The temporal width of the amplified fundamental pulse
was measured at 130 fs FWHM using a single-shot
autocorrelatof? All harmonics derived from the fundamen-
tal were generated using type-l phase matcting BBO
18 20 22 24 26 crystals. The temporal cross-correlation profiles of the har-
monics were measured by observing the production of sum
(second and third harmonicsr difference(fourth harmoni¢

FIG. 1. Transient absorption spectra observed in Kl during anJrequency generathn when m_'xed with the 130 fS fundamen-
after excitation with 4.36-eV, 300-fs pulsesTat 50 K. (a) presents (@l pulse as a function of optical delay line position. Detec-
data which have not been corrected for probe dispersion. Tracdion was accomplished by colinear mixing in a 57 °-cut 0.5-
a—e represent probe delays which span 2.67 ps at 0.67-ps interval®m-thick BBO crystal rotated to the appropriate phase
with the earliest time being and the latese. (b) shows data after Matching angle. Excitation pulse parameters of harmonics
correction for chirp, whera—d are for probe delays of 0.3, 0.0, pl’OdUCEd with BBO crystals of Varying thickness used in this
0.3, and 0.7 ps relative to the excitation pulse. work are listed in Table I.

A relatively thick crystal(1.5 mm) was used for genera-
the sample. Although the physical sample thickness wation of the second harmonic since high conversion efficiency
typically 2 or 3 mm in order to get good cleaved surfaces, itcould be achieved without undue pulse broadening at this
will be shown below that the effective thickness of excitedwavelength. The same cannot be said for fourth-harmonic
and probed regions extends only to a depth of about/s80 generation. Substantial broadening results from temporal
For low-temperature work, the sample was placed in a closethxial) walkoff of the generating second-harmonic pulse and
cycle helium refrigerator positioned by a stepper motor stag¢he produced fourth-harmonic pulse due to significant group
such that each laser shot was on a new position on theelocity differences at the respective wavelengths. An at-
sample. Prior to recombination of the excitation and probédempt was made to compress the fourth-harmonic pulse us-

Energy (eV)
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TABLE I. Characteristics of excitation pulses used in this work. F (a)
BBO crystal Photon  Pulse 04
thickness Generated energy energy Pulse width
(mm) harmonic (eV) (ud) (fs)

15 second 291 300 190

0.5 third 4.36 5-8 260 .. 03

0.75 third 4.36 10 300 =

3.2 third 4.36 20 680 5

05 fourth 5.81 3-6 600 A/

4.0 fourth 5.81 15-20 3500 .§ 0.2
o
o

ing prism pairs with negative net group velocity dispersion

(GVD) after the design of Forlet al?* This compression

technique afforded little improvement in the width of the 0.1
generated fourth-harmonic pulse because most of the stretch-

ing was due to the walkoff effect mentioned above rather

than simple chirp.

: I
1.8 21 23 26 2.8

Ill. RESULTS AND DISCUSSION Energy (eV)

Figure 2 shows the development®fcenter absorption in
KCl at room temperature following two different pump
pulses used to create electron-hole pairs by two-photon ex-
citation across the band gap(a) 5.81 eV, fourth harmonic 0.7
of Ti:sapphire(3.5 ps,~5 mJ/cnf); (b) 4.36 eV, third har-
monic of Ti:sapphirg0.68 ps,~5 mJ/cn?). In all other re- 0.6
spects, the measurements should be identical. Indeed the
F-center spectra ife) and(b) develop in a very similar way.
However, with the 5.81-eV initiating pulse, we observe an
ultraviolet absorption band with its low-energy edge around
2.6 eV, which reaches its peak at excitation/probe coinci-
dence {=0) before theF band has developed, and decays
thereafter. This appears to be a new band, not seen before in
KCI. To give it a short name, we will call it for the time
being the manifestation of thd band in KCI. The absorp-
tion spectra in KCl measured by Tanimura and Fujitfira 0.2
with 4.5-eV third-harmonic pulses did not exhibit thi¢
band. Nor did we observe thid band when using 4.36-eV
third harmonic pulses to create the electron-hole pairs in
KCI, as shown in Fig. @). In that case, thé& band simply

Optical Density
o o
H o

o
w

grows within about 3 ps, without any preceding absorption -0.0" 18 2'1 23 26 28
band in the uv part of the spectrum. The turndown at 2.75 eV ' : } ' '
is an artifact of second-harmonic contamination in the probe

beam. FIG. 2. Absorption observed in KCI undés) 5.81 eV and(b)

Energy (eV)

Figures 3 and 4 present Ch'rp'correCted (,jata_ showing th§.36 eV excitation af =295 K. The data have been corrected for
development Of seh_‘-trapped exciton f’:lbsorptlon in KI afd chirp, as discussed in the text. The spectréapfvere acquired for
center absorption in KI'T1, respectively. Both were mea-prope delays relative to the 5.81-eV excitation pulse-08.7,
sured at 47 K as a function of time afteth pair creation by _33 0.0, 6.7, and 13.4 ps, labelade, respectively. The spectra
a 680-fs, 4.36-eV third harmonic excitation pulse. The latesf (b) were acquired for probe delays relative to the 4.36-eV exci-
spectra {<11.7 ps) are similar in both cases, consistingtation pulse of-0.8, 0.8, 2.5, and 9.2 ps, labeladd respectively.
mainly of the 1.7-eV peak due to thg,- 7 transition of the
two-center self-trapped hole, which is the core of the STEof a step edge at about 1.87 dMalf-heigh} with lower
observed in Kl and is th&, center observed in KI:Tl. The absorption below this energy, and a broad plateau of absorp-
ultraviolet absorption around 2.5-2.7 eV is higher for thetion above it. The early part of the Kl data in this figure
KI:TI sample as it rises up toward the mairband of thev,,  duplicates very closely the more recent data set with 300-fs
center. It also appears accentuated a bit because the specxcitation, which were shown in Fig.(d). The absorption
trometer was tuned farther toward the ultraviolet whenfor t<<2.5 ps is recognizable by its characteristic step shape
studying KI:Tl than when studying KI. The spectra of Kl and and early appearance as the band reported in Kl and
KI:Tl at early time are very similar to each other, consistingKI:NO, by Iwai et al1°~1* However, the photon energy at
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FIG. 3. TPCCA(N-band and defect absorption in KI measured C —
during and following 4.36-eV, 680-fs excitation @t=50 K. The
spectra are displayed after chirp correction, for probe delays of
-1.7,0.0, 2.5, 5.0, 11.7, 65.1, and 98.4 ps relative to the excitation b a—
pulse, labeleca—g respectively. The zeros of the optical density u
have been offset 0.12 0.d. between successive spectra except for the a Ll 0

first two and are labeled with letters at the left side corresponding to

the respective spectra. 18 20 23 2.5

Energy (eV)

which the step occurs is about 1.87 eV in Figs. 1, 3, and 4, to

28 Cozini)ir?l'dh to-2.17 e(;/_ﬁlcn Ref. 1.3 ;r;gv 2.dl iv n R(_atfs. doped KI measured during and following 4.36-eV, 680-fs excitation
an - 'he energy difierence in and step position 5, r_gg K. The spectra are displayed after chirp correction, for

matches within experimental error the energy differenqe b‘?brobe delays of-0.2, 0.5, 1.5, 2.5, 3.8, 7.8, and 182 ps relative to
tween the third-harmonic pump pulses used, 4.36 eV in thig,e eycitation pulse, labeled—g, respectively. The zeros of the

work and 4.1 eV in Refs. 10, 11, and 13. TNeband step  gptical density have been offset 0.09 0.d. between successive spec-
position measured with the continuum probe appears to scaff except for the first two and are labeled with letters at the left side
with the photon energy of the excitation pulse. corresponding to the respective spectra.

We also observe aN-band edge in Rbl. Figure 5 shows

transient absorption in Rbl under 4.36-eV, 680-fs excitationthe data reported in Refs. 10—17. When the difference of the
at 333-fs intervals from-0.7 to 1.3 ps. ThéN-band step is  direct band gap and excitation photon energy falls outside
observed at-1.76 eV, to be compared te 2.02 eV in Ref.  the range of the recorded absorption spectrum, such as in
12, where 4.1 eV excitation was used. Except for the spectra{C| with third-harmonic excitatior{4.36 or 4.62 eV,*® KBr

shift matching the difference in excitation photon energiesyith 3.1 eV excitationy’ and Kl or Rbl with 3.1 eV

the shape of the spectrum is similar to that measured in Regxcitation*>*®no N band is observed.

12. The base linet(0 ps) in Fig. 4 slopes downward to-  The conclusion of Table Il can be summarized succinctly

ward the blue, to negative absorption. This may be due ten Eq. (1):

luminescence contaminating the probe and reference beams

FIG. 4. TPCCA(N-band and defect absorption in thallium-

in the case of Rbl, which was difficult to correct. Lumines- hvethvp(N)=E,. (1)
cence was not a problem in the cases of Kl or the other alkali
halides we studied. The low-energy edge of thd band coincides with the two-

We observed a similar step edge in KBr under 4.36 eVphoton cross-correlated absorption edge in every case, i.e.,
excitation; however, the step was just at the ultraviolet edg®ne excitation photon plus one probe photon at theband
of our observation range, at2.7 eV. The same type of edge edge” just crosses the band gap. For this and other reasons
was seen in AgCl and PbWQvhen using second-harmonic discussed below, we are confident in identifying Nhévand
Ti:sapphire(2.91 eV} for the excitation pulses. As summa- observed in our data as the two-phot@moss-correlation
rized in Table Il, the photon energy of tiNeband step edge, absorption spectrum. We suggest, further, that this is true of
hv,(N), always corresponds to the difference between thell the publishedN-band observations compiled in Table II.
direct band gapE,, and the excitation photon enerdyye,, Two-photon cross-correlated absorptighPCCA) is a
within experimental error. This is true both of our data andsignal which should be expected in this kind of experiment,
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g ponential attenuation df,;, with an effective linear absorp-
tion coefficient given byw= Blq,. In reality, |, is strongly
depleted under conditions of this experiment, according to

1(z)=1(0)/[1+ BzI(0)]. 3)

g — For a typical excitation beam irradiance ofg,
~10* MW/cm? and a typical two-photon absorption coeffi-
cient 3=5x10"3 cm/MW, a collimated excitation beam is
£ I depleted by two-excitation-photon absorption ytovalue in
200 um. Based on the fact that we were focusing into the
d sample and upon our observation of defect track lengths in
the sample, an effectively excited depth of roughly 0@
€ ] seems typical, and we adopt this for the analyses to follow.
At the same excitation irradiance, we see that an effective
l “Beer’s law”probe attenuation okr~50 cm ! is to be ex-
d ] pected at the front of the crystal, and the effective “line&r
for the probe decreases from front to bacK gds depleted.
Finally, consider a thin sample so that is nondepleting in
any case, and approximate the two-photon spectrum as
nearly flat for hvp+hve,>Ey. Then it follows that if
b B(hve, hvp)~B(hvey,hvey, the probe beam attenuation
u due to allowed two-photon absorption should be comparable
b - to the excitation beam attenuation. Thus TPCCA is a strong
effect under typical conditions of this experiment.
a The two-photon absorption coefficient depends on the
_ relative polarization of the two beams participating, as
L T N I/ ! shown in the detailed theory of Inoue and Toyoz#emd as
18 2.0 23 25 studi2e7d31 experimentally for alkali halides by Frohlich
et al“">* For orthogonal linear polarization, the two-photon
Energy (eV) absorption coefficient is about 67% of its value for parallel

FIG. 5. TPCCA(N-band and defect absorption in Rbl mea- polarization in RbE For Kl, Rbl, and KBr havi.ng the “?C_k'
sured during and following 4.36-eV, 680-fs excitation &t salt structure, the ratio of two-photon absorption coefficients

=50 K. The spectra are displayed after chirp correction, for probd0r orthogonal versus parallel polarization falls between 50%
delays of—0.7, —0.3, 0.0, 0.3, 0.7, 1.0, and 1.3 ps, labetedg, and 1009 For Csl and CsBr, having the CsCl structure,
respectively. The zeros of the optical density have been offset 0.1the ratio is somewhat below 50% and depends in this case on
o0.d. between successive spectra and are labeled with letters at tagientation of the crystal axes with respect to the polarization
left side corresponding to the respective spectra. axes’! In the present experiments, the probe and third-
harmonic excitation beam had orthogonal polarization while
and whose magnitude can be calculated from published twdghe probe and the fourth-harmonic excitation beam had par-
photon absorption coefficients and the pump beam irradiallel polarizations. Since the dependence on relative polar-
ance. In fact, a simple argument shows that probe attenuatigaation is weak for the rocksalt alkali halides, we have not
by allowed TPCCA absorption must be comparable to theyet undertaken experiments to vary the polarization.
pump attenuation if the density of allowed final states is Equation(1) and the associated discussion so far concerns
comparable. The two-photon attenuation of the probe bearust the low-energy edge or threshold of the two-photon
of peak irradiance I,), where one of the photons is ab- cross-correlated absorptioffTPCCA) signal. Its spectral
sorbed from the excitation beam of peak irradianicg) (de- ~ shape above the edge in radispersive spectra is deter-
pends only orl, (in the limit of nondepletind ¢ 1,), and mined primarily by which parts of the excitation and probe
on the copropagation lengtlz)( of the excitation and probe pulses overlap in the sample for a given delay setting, and

Optical Density

beams as stated in the following: also by the two-photon absorption spectrum above threshold.
When the part of the probe chirp that results from dispersion
ol ex:2) =1 o 0)eXH — BZ eyl (2)  inthe optics has been corrected by the interpolation method

discussed earlier, the spectrum for coincidence of excitation
The two-photon absorption coefficie@ithv,,,hvy,) for spe-  and probe begins to resemble the actual two-photon absorp-
cific photon energies, and in some cases a two-photon spetien spectrum. However, there are still differences because
trum, are available for several alkali halid@s?®313*3°The  relative dispersion of the interacting pulses in the alkali-
two-photon spectra above threshold are usually rather fedalide sample produces an additional chiwghich can be
tureless, and so we have used a representative value fdrge, e.g., in KI and an axial walkoff effect that is more
B(hve,hvy) simply as a constang in Eq. (2) for the fol-  difficult to extract. To illustrate how apparent spectral shapes
lowing estimates. Under the simplifying assumption of fixed,as well as persistence times can be influenced when a broad
nondepleting x, EQ. (2) just reduces to Beer's law for ex- absorption band is measured in a dispersive sample with
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TABLE Il. Compilation of data orN-band steps observed in subpicosecond spectroscopy of alkali halides
and two other materials under two-photon band-gap excitation and continuum probe observation. The probe
photon energy at which the low-energy step edge ofNhband is observedat half maximum heightis
listed ashv,(N). The photon energy of the excitation pulse which is employed in the experiments to
generate electron-hole pairs or excitons by two-photon absorption is listedgs Their sumhwv(N)

+ hve,is listed in the sixth column. The band gép two-photon threshold, if availablés listed asEg(2hv)

in the last column. In the referen€Ref) column, the notation “PW" refers to the present work. In column
4, the notation “Nonex.x” indicates that noN-band step edge was observed within the probed spectral
range less thar.x eV.

Temp. hvg(N) hvey hvp(N) +hve, Eg[2hv]
Crystal (K) Ref. (eV) (eV) (eV) (eV)
Kl 4 13 2.18 4.1 6.28 6.75
Kl 4 13 None<2.6 31 >57 6.2%
KI:NO, 80 10, 11 2.10 4.11 6.21 6.20
Kl 47 PW 1.87 4.36 6.23 6.23
KI:TI 47 PW 1.87 4.36 6.23 6.73
Rbl 80 12 2.05 4.11 6.16 6.5
Rbl 80 12 None2.6 3.18-3.25 >5.85 6.18
Rbl 50 PW 1.76 4.36 6.12 6.15
KClI 6 16 None<2.7 4.63 >7.33 8.5
KClI 44 PW Nones2.5 4.36 >6.86 8.5
KCI 295 PW Nones2.8 4.36 >7.16 8.4
KClI 150 PW ~2.6 5.81 8.41 8%
KClI 295 PW ~25 5.81 8.31 84
KBr 80 16 2.75 4.63 7.38 ~7.8
KBr:NO, 80 15, 16 2.75 4.63 7.38 ~7.48
KBr 80 17 None<3.0 4.11 >7.11 ~7.4°
KBr 295 PW ~2.7 4.36 ~7.05 7.8
KBré 295 25 abs>1.6 5.81 <7.41 7.8
NaCl 48 PW None2.8 4.36 >7.16 8.7%
NaCl 295 PW ~25 5.81 8.31 8%
NaBr:NQ, 80 15 ~2.4 4.63 7.03 7h
Csl 50 PW ~18 4.36 6.16 ~6.2
CsBr 48 PW None2.3 4.36 >6.66 ~7.%
AgCl 295 PW 1.8 2.91 4.71 ~4.9
PbWO, 295 PW 1.9 2.91 4.81 ~5

8Reference 26.
bReference 27.
‘Reference 28.
dreference 29.
®Reference 30.

fReference 2.

9Reference 31.
"Reference 32.
'Reference 33.

chirped pulses, we have modeled the spectrum of an asorption which is present only during the coincidence of the
sumed flat absorption above the two-photon threshold in Klgxcitation pulse and this red part of the probe would be ob-
as it would be measured by a continuum pulse with disperserved to persist for a time equal to the transit-time differ-
sion of the silica optics and Kl sample taken into accountence of the excitation and the red probe passing through the
The simulation also includes the effect illustrated by the fol-effective sample thickness. The simulated “raw” data such
lowing example: For one delay line setting, a certain redas would be measured in the experiment are shown in Fig.
wavelength in the probe pulse may overlap the excitation ab(a). That is, Fig. 6a) has chirp due to the silica optics and
the front surface of the sample. For a larger delay, the samkl sample built into it, as well as the summation over de-
red-wavelength probe will “catch up” to the excitation pulse layed coincidence deeper in the sample discussed above. Ex-
deeper within the sample—for example, at the back edge afept for the simplistic flat two-photon spectrum above a
the effective penetration range of the excitation into thesharply sloping threshold which was assumed for simplicity,
sample, estimated as500m. Thus an instantaneous ab- the simulated “data” for Kl in Fig. §a) should be directly
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FIG. 7. Dashed curve is the cross correlation of the fourth-
harmonic and fundamental pulses measured by difference-
18 20 22 24 26 frequency mixing in BBO. These pulses were then used, respec-

Energy (eV) tively, to excite KCI and to generate the continuum probe used in
measuringN-band absorption at 2.6 eV. The solid curveth tri-
angles$ is the measured rise and fall of tihband absorption in
KCI.

0371
This is an expression of the fact that the blue end of the

probe has better group velocity match to the ultraviolet ex-
citation pulse, and therefore experiences longer overlap dur-
ing transit through the sample.

Next, compare the same real and simulated Kl data after
correction for chirp in the optics, shown in Figs(bl and
6(b). (The sawtooth superimposed on cuevef both figures
is an artifact of the chirp-correcting interpolation program
which occurred only for early traces. The important point
to notice is that after chirp correction, the two-photon ab-
sorption spectrum, with its edge at about 1.87 eV in the real
Kl data and 1.83 eV in the simulatiaithe difference being
in assumed edge shapsimply rises up and decays in cor-

18 20 22 24 26 respondence to overlap of the excitation pulse and oy
Energy (eV) chirp-freg probe spectrum. In the real Kl data of Figb},
this is theN band. The real data and the simulation differ in

FIG. 6. Simulated TPCCA spectra in KI under 4.36-eV excita-the region below théN-band edge, because there is STE or
tion, assuming 500 fs cross correlation of excitation and probe indefect absorption rising up under theband edge even as
the sample, a 0.5-mm extinction depth of the excitation pulse, and ¢he N band decays, in the measured data of Fig).1
flat two-photon absorption spectrum above a 1.87-eV threshold, Figure 7 compares the duration of tNeband absorption
falling to half-height at 1.83 eV. Pafh) shows simulated chirped at 450 nm in KCI with the cross correlatigin BBO) of the
spectra as they would be measu.red, with dglays of 0.7 ps betweez1l4_nm excitation pulse and the 855-nm fundamental pulse,
each spectrum, where spectrunis the egrhest sh_own. Patb)_ whose duration approximates that of the continuum it gener-
shows the simulated data after the same interpolation correction foétes. For this experiment, the 214-nm light was generated in
chirp that was applied to real data, where probe delayfsme’ 03, a 0.5-mm BBO crystal ana had the cross-correlation width of
10, 1.7, 2.3, 3.0, and 3.7 ps are showraag, respectively. ~900 fs (where~ half of the apparent broadening is due to

GVD in the difference-frequency mixing crystal used for the
comparable to the real data for Kl in Fig(al, conducted measuremeiut In comparison, the observed duration of the
with the corresponding pulse durations. The “walkover” of 450-nm TPCCA signal in KClsolid line) is seen to last
the initial rise of TPCCA detected first in the blue end ismuch longer than the cross correlation of the same pulses in
obvious in both Figs. & and Ga). The “pileup” at the = BBO (dashed ling This is because in difference-frequency
stationary N-band edge corresponding to the minimum-mixing for pulse correlation, the requirement for phase
energy two-photon transition is also evident. It can also benatching assures a reduction of group velocity differences,
seen in both experiment and simulation that the height of tha&hereas in the cubic alkali halide sample, no phase matching
TPCCA signal decreases as it walks over from blue to redis possible. The observed TPCCA signal will persist for all
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and it does not grow significantly during the following 43 ps.
The fourth-harmonic pulse width in this experiment was 3.5
ps, and the probe pulse width wasl40 fs. The shape of the
spectrum is similar to the bound-electron transitions of the
STE in Srk.2%" The hole transitions of the STE in Srke
outside the spectral range of the present measurement. We
are observing very rapid<(500 fs) rise of bound electron
transitions in Srf after excitation of electron-hole pairs of
energy slightly in excess of the band edge.

The most straightforward interpretation is that the
electron-hole pairs relax into self-trapped excitons in less
than 500 fs. Such ae-h pair self-trapping time is more
similar to the STE formation time in SYJ150 f9 (Ref. 9
than to the slower STE formation tini6—10 p$ observed in
alkali halides such as KClI, Kl, and Rbl in Refs. 10-14 and
16 and the present work. Since it is not yet clear why the
self-trapping rate oé-h pairs is so much faster in Si@han
c | in alkali halides, we cannot say whether the fast rate in, SrF
is expected. However, since Srks behaving differently
from other halidedi.e., alkali halide} it is worth consider-
ing an alternative hypothesis for electron trapping in the pure
b \ crystal that may be unique to the alkaline-earth fluorides, as
discussed below.

It is known that a bound electron-hole pair relaxes to a
self-trapped exciton in the configuration of a nearest-

a neighborF-H pair in fluorite crystals, i.e., a fluorine vacancy
W‘ trapping an electron and a fluorine atom in an adjacent inter-
| L AL

Optical Density

stitial site. As another possibility to account for prompt elec-
18 21 24 27 tron trapping in an excited perfect crystal, we direct attention
) : : : to a mechanism suggested by CatfWy which perturbed
Energy (eV) F centers might be generated in fluorite crystals without
waiting for electron-hole pairing. Catlow examined whether
it is energetically favorable for a conduction electron in fluo-

FIG. 8. Transient absorption in SrEnder 5.81-eV excitation at

T=295 K. Probe delays are 1.2, 0.5, 5.5, 13.8, 27.2, and 43.8 ps, . . . .
labeleda—g, respectively. The zeros of the optical density haveme to spontaneously relax to a neighboring pair of fan

been offset 0.1 0.d. between successive spectra and are labeled W ﬁnter and interstitial ﬂuo”dr.]’ an F-l palr.'He found that .
letters at the left side corresponding to the respective spectra. t Is form of electron self-_trapplng IS theor?t'ga”y exothermic
in CaF, and Bak, but slightly endothermic in SgF How-
delay settings for which the probe photbm,(N) can over- ~ €Ver, it was noted that the small positive energy of the pro-
take the slower-moving excitation pulse at some deptif€SSs in Srkis within the range of errors of the calculation,
within the sample. and so this form of self-trapping might proceed exothermi-
In KI, this effect is more severe because dispersion igally in SrF, as well. If this kind of process is occurring, then
steeper in the measurement and excitation range. The widiRe appearance of trapped electron states in a crystal which
of the convolution of Over|aps of a 1.87-eV probe and awas perfect before excitation does not pre-suppose bimolecu-
4.36-eV excitation pulse propagatiiirgonly a 500um thick-  ar electron-hole pairing from band stat’@sand so the ap-
ness of Klamounts to~2.2 ps, comparable to the simulated Pearance time could be very fast and independent of excita-
result in Fig. 6. This prediction is obtained straightforwardly tion density. So far, there is no evidencefofl pairs formed
from calculated group velocities, but we also confirmed it byspontaneously by conduction electrons. We do not yet know
direct measurement of the propagation time for pulses at diffow the bound-electron part of the absorption spectrum of an
ferent wavelengths through a piece of KI. The transit-timeF-1 pair should differ from that of afr-H pair. To pursue
difference for 855-nm and 285-nm pulses traversing a 1-mnthe possibility spectroscopically, one might use shorter
thickness of Kl is 3.3 ps, as directly measured. fourth-harmonic excitation pulses and study absorption rise
Having stated that this project was undertaken at first ifime as a function of excitation density.
order to study wide-gap insulators such as alkaline earth
fluorides_ Wit_h Ti:sapphire fourth-harmpnic_ excitatiqn, we IV. CONCLUSIONS
present in Fig. 8 the spectra of absorption in Sidllowing
band gap excitation at room temperature. The absorption of The identification of two-photon cross-correlated absorp-
two 5.8-eV photons can supply 11.6 eV, whereas the bantion as the origin of the N band” observed in subpicosec-
gap of Srk is 11.4 eV. Thus, the excitation pulse populatesond absorption spectroscopy of alkali halides leads to reas-
states about 0.2 eV above the band gap. The induced absogessment of at least four prior conclusions or hypotheses
tion spectrum is observed to achieve full strength withindrawn from the phenomenon. In particular, the circum-
about 500 fs after coincidence of excitation and probe pulsestances leading to the observed presence or absence Mf the
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band in a given experiment suggested several hypotheses {idn band in KCI usinghv.,=5.8 eV, and prior to realizing
the past which, though all physically reasonable, seem nowhat it originated from TPCCAN band, we suggested that it
most simply explained by Eq1l). might be part of the spectrum of thg-like core of the STE,

(a) Iwai et al. noticed that in Rbl and KI, whehv, was  which could be rendered unobservable when using
4.1 eV they observed thW band, whereas whehv,, was hv,=4.36 eV due to optical bleaching by overlap of the
3.04 and 3.1 eV, respectively, theband was not seed:’®  strong excitation pulse with part of the uv STE absorpfion.
Since the energy of A(v,,) substantially exceeds the band However, this hypothesis cannot fit the wide array of data in
gap in the former case, but falls within th@&xciton band ~ Table Il as can the TPCCA hypothesis, and so we conclude
below the interband edge in the latter, they hypothesized thdhat TPCCA is the proper explanation of theband in KCI
energy-dependent branching of the relaxation of holes or ex@s Well as the other alkali halide
citons was being observed. Accordingly, it was suggested (d) Since we believe that the principal features of the
that 2p excitons in these crystals relax directly to STE’s band, particularly the step edge at ita;' component,” are
without formation of a one-center STH or an associated onelOt ascribable to a one-center self-trapped hole, but rather to
center STE, whereas electron-hole pairs created by excitatidh® Phenomenon of two-photon cross-correlated absorption,
aboveE, result in initial relaxation of the holes to the one- We should examine carefully what is implied about the exis-
center STH. However, the evidence provided by all the datd€nce or properties of a one-center STH in alkali halides.
compiled in Table Il and the supporting results discussed ifElectron and hole polarons certainly exist in the alkali ha-
this paper establish two-photon cross-correlated absorptioifles. A variety of measurements, e.g., pertaining to charge
(hvext vy, as the origin of theN-band step edge. A nearly transport and to coupling (_)f optical energy to the lattice, as
symmetric band near 2.1 eV was observed in KI forwell as extensive the_oretlcal treatments, are ample proof.
hve=3.25 eV in Ref. 13, suggesting that a real feature ma))Nhat is at issue herc is whether a hole polaro.n self—.traps on
lie beneath the obscuring TPCCA step in some cases. TH® lattice site for a time cf the order of 1 ps without involv-
hypothesis of different branching fromp2exciton and free N9 covalent bond formation in the two-centég geometry,
carrier states to a presumed one-center STH is unable fd whether such a one-center self-trapped hole has optical
account for the conditions of presence or absence ofthe a_bsorptlon transitions at about 2.4 and 3.3 eV in .KI as pre-
band in KBr and KCI.(See Table I). Furthermore, as dis- dicted by the emtg?gjded molecular cluster calcula_\tlon of_ Iwai
cussed earlier in this paper, a one-center STH hypothesis fé"d co-workeﬁn Except for the observation with
the N band fails to account in any case for the observedVex=3.25 eV in Ref. 13, there is no spectroscopic evidence

quantitative scaling of the energy of theband edge with for presence of a one-center STH transition around 2.4 eV
hvey, which is summarized in Eq(1) and confirmed in which could be distinguishable from the TPCCA signal. The

Table 1. predicted 3.3-eV transition would overlap the broghd

(b) The two measurements on KBr reported in Refs. 15Perhaps vibrationally hotV, band of the two-center STH,
and 17 seem to amount to nearly the same observation wahd so it will be difficult to unravel growth of absorption of
made in KCI upon changing the excitation photon energy. Ifh€ two-center STH and a presumed overlapping one-center

Ref. 17, withhve,—=4.11 eV, the probe photon would have to STH, without the lower-energ{2.4 eV) transition as a cor-
be hv,=3.29 eV to satisfy Eq(1) with the band garE, roborating guide. A better analysis and dissection of the

—7.4 eV of KBr. This probe requirement was above the 1.4-growth of ultraviolet absorption should be possible if one can
3.05-eV range of the probe spectra, and\iband was ob- generate a quality ultraviolet continuum probe extending

served in that work. The implied absence of one-center hol@VE" Most of theVy band, i.e., up to-4.5 eV. Efforts in this
self-trapping in KBr was then suggest&do be due to the direction are underway. But for the time being, we conclude

wider valence band of KBr relative to KI and Rtih which that the're is no Qi'rect spectroscopic evidence for a one-center
theN band had been seerHowever, later measurements by STH with transitions in the spectral range of the present
Fujiwara and Tanimurd using third-harmonic Ti:sapphire study.
pulses bv.,=4.63 eV) showed a strong-band step in KBr
athv,=2.75eV. As seen in Table II, the step position in
KBr at hv,=2.75 eV satisfies Eq1). Thus, although it can This work was supported by NSF Grant No. DMR-
be expected on general grounds that hole self-trapping wil9510297. We thank P. Sheldon, M. Leblans, and M. Binkley
occur more readily when the valence band is narrow, théor experimental assistance, K. Tanimura, A. L. Shluger, A.
N-band observations of Refs. 14 and 15 do not provide amNakamura, and N. Itoh for helpful discussions and copies of
example of this in regard to one-center hole self-trapping. papers before publication, and F. Luty for KI: Tl and KI:DO
(c) Shortly after observing the 2.6-eV ultraviolet absorp- samples.
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