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F-Center Formation in NaCl: Picosecond Spectroscopic Evidence
for Halogen Diffusion on the Lowest Excitonic Potential Surface
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We have used picosecond white-light spectroscopy to study evolution of absorption in
NaCl after pulsed band-gap excitation. Spectra at 80 and 300 K, initially very similar, subse-
quently develop features of well separated F-H pairs (300 K) or of self-trapped excitons (80
K). We interpret the spectra in terms of diffusion of the H center in the neighborhood of the
complementary F center, corresponding to reversible interconversion on the lowest potential

surface connecting the exciton and the F-H pair.

PACS numbers: 78.50.Ec, 61.70.Dx, 82.40.Mw

In many simple halide crystals, the lattice itself is
not stable upon creation of electron-hole pairs. The
generation of permanent defects in alkali halides is
a classic problem of radiation damage and of solid-
state photochemistry, but the striking interplay
between electronic and nuclear degrees of freedom
is not completely understood. In the pictures pro-
posed by Pooley and by Hersh, attention was
correctly focused upon the self-trapped exciton
(STE) as a progenitor of the Fcenter.! Their con-
siderations were based in part upon the anticorrela-
tion in the temperature dependence of the yields of
STE = luminescence and of F absorption in a group
of crystals which give little F production at low tem-
peratures. These include KI, Rbl, NaBr, LiBr,
NaCl, and LiCl.?

Studies®=® of the temporal development of ab-
sorption in KCl, KBr, and RbBr (crystals having
significant F-H yields at low temperature) have
ruled out the thermalized STE ground state 33} as
a precursor in low-temperature defect formation.
Thus attention has focused on potential surfaces of
the higher STE states.®’ Double-excitation experi-
ments® have clearly demonstrated a role of such
states as intermediates in prompt, low-temperature
F-H pair formation. However, these experiments
performed only at low temperature, have not il-
luminated the above anticorrelation of tem-
perature-dependent yields.

It has been pointed out that the critical barriers
and rates for thermally activated defect production
must pertain to transport on the lowest STE poten-
tial sheet.” The occurrence of the backward reac-
tion on this sheet is established by STE lumines-
cence attending F-H recombination.® To explore
the kinetics of these processes, we have acquired a
series of early-time absorption spectra in NaCl, at
temperatures below and above the onset of ther-

mally activated F-center formation. Ultraviolet
pulses (4.66 eV, 25 ps, 3 +1 mJ) were focused to a
2-mm-diam spot on a NaCl crystal. Through two-
quantum absorption, electrons and holes were
created throughout the 3-mm thickness of the crys-
tal. A visible continuum was generated by focusing
(1-m lens) 40% of the amplified 1064-nm beam
into a 15-cm cell of D,0:D3;P0O, (1:1). Absorption
spectra were acquired with a two-beam ratiometry
system employing a digital vidicon polychromator.
The uncertainty in the condition for coincidence
between uv and probe pulses (at a central
wavelength) is +10 ps; relative delays are known
accurately. From streak-camera records characteriz-
ing group-velocity dispersion, the relative delay
between probe wavelengths corresponding to the
peaks of STE and of F-band absorption was estimat-
ed to be 15 ps. We have previously determined that
the rise time of absorption in NaCl at 532 nm is
<S5psat15K.I

Optical absorption spectra for NaCl at T=80 K
are presented in the left column of Fig. 1. Except
for the top frame, these are averaged (5-22 shots)
spectra for a sequence of delays of the probe pulse.
The top left frame has been reproduced from Ref.
4; it displays a spectrum for NaCl at 9 K, recorded
approximately 50 us after excitation by a pulsed
electron beam. This absorption, and the corre-
sponding absorption in the current spectra,!? are
identified with the STE in its lowest triplet state,
33F. At 2.75 eV there is a small component identi-
fied with F centers. Corresponding spectra of tran-
sient and of residual absorption for 7=300 K are
shown in the right column of Fig. 1. The top spec-
trum was recorded a few minutes after exposure to
several uv pulses; it represents stable F centers.!?

The spectra in Fig. 1 reveal, in addition to the
mature STE and F components observed in the top
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FIG. 1. Time series of absorption spectra for NaCl at
80 K (left) and 300 K (right); the probe pulse delay is
given in each frame. The top left frame is taken from
Ref. 4.

frames, early absorption at intermediate energy.
Even at 80 K, well below the onset of efficient for-
mation of stable F centers in NaCl, F-like absorp-
tion is very prominent in the early frames. The
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FIG. 2. Hypothetical section of the adiabatic potential
surface connecting the configurations for the STE 337
and for the F-H pair, along the generalized reaction coor-
dinate Rpy describing separation of the defects. Creation
of STE’s at the origin results from band-gap excitation or
from recombination of Fand H defects. There is a lower
potential curve (not shown) connecting F*-H~ pairs
with the crystal ground-state configuration reached in
STE luminescence.

—17-ps frames (not acausal, in virtue of pulse over-
lap) are almost identical at the two temperatures.
The spectra develop progressively into the STE for
80 K and into the F band for 300 K. The early F-
like peak lies — 0.1 eV to the red of the ultimate F
band.

To account qualitatively for these observations,
we introduce a hypothesis developed in Ref. 9; see
the model potential curve in Fig. 2. The relaxation
coordinates are discussed in Kabler and Williams.!?
The curve represents a portion of the adiabatic po-
tential surface connecting the 33} STE with the
nearest-neighbor (nn) and next-nearest-neighbor
(nnn) F-H pair configurations. The central
minimum, at Rgy=0, locates the STE. The hole
associated with this STE resides on a bonded
halogen-halide dimer Cl; , there being no vacancy.
The successive minima correspond to a vacancy and
a displaced halogen atom forming F-H pairs in posi-
tions nn, nnn, etc. The coordinate Rpy represents
migration of an H center relative to the F'site as ori-
gin. This representation may be applied either to a
linear [110] replacement sequence or to thermal
diffusion as developed below.!*

Given sufficient thermal energy, the system may
transform reversibly and repeatedly among these
configurations without leaving the single electronic
potential sheet represented in the figure. We sug-
gest that the STE nonradiative decay rates!> 16 are
associated with the barriers between minima. Note
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that this hypothesis is distinct from the usual inter-
pretation,>16 that thermal quenching of STE
luminescence is due entirely to nonradiative transi-
tions to the ground state of the crystal; we suggest
that the latter channel is of secondary importance in
NaCl. We hypothesize that the nonradiative rate
which governs removal of STE and FH,,, and cor-
responding generation of F-H pairs, results from
escape of the halogen atom over the nnn barrier.
Further migration is favored over return to
Rpy=0, by the rapidly increasing number of avail-
able interstitial sites with increasing Rgy. In Fig. 2,
the radiative decay rate of the STE is vg=3%10?
s~ L17 The nonradiative rate is given approximately
by vNr =voexp(— Ey/kT), where vo=1x10!! s~!
and £,=110 meV. These values for vy and E, are
averages of determinations'>!¢ from thermal
quenching of STE luminescence. The barrier E,;
was not determined.

We suggest that the short-lived absorption inter-
mediate between the STE and Fbands, =2.3to 2.5
eV, is in some manner associated with nn minima.
For sufficiently low lattice temperature and little lo-
cal vibrational excitation, the system could actually
be confined for a significant period to such mini-
ma.'#1% With substantial vibrational excitation,
however, the motion (possibly aperiodic) may in-
clude the central and some nn minima together. To
estimate a statistical weight for the FH,, band, we
consider the full set of FH,, configurations in
which the Fvacancy is fixed on one of the two ““pri-
mary’® (STE) halide sites. These must be
equivalent in regard to energy minimum (but not
activation energy) and spectrum (but not polariza-
tion). We find 24: two configurations in which the
H defect is centered on the other primary site; eight
in which the H is centered on one of four halide
sites near each primary site (related by a rotation);
and fourteen more remote configurations.

It is striking that even the 80-K spectra suggest a
transiently ‘‘hot’’ system. As the STE relaxes from
higher states at Rgy =0, the last nonradiative tran-
sition within the triplet manifold traverses 2.1 eV.
Thus the nascent 32: STE may carry some energy
E., well in excess of its value for equilibrium with
the lattice; it may remain hot briefly. If E,, > E,
the occupation probability may be essentially equal
for the central minimum and for any one of the
n, =2, 10, or 24 accessible nn minima. The oscilla-
tor strengths are similar (=1) for the STE band,
the F band, and probably the F-like band. Thus in
the initial spectra, prior to any relaxation, F-like ab-
sorption could be favored over the STE by a factor
as large as n,. In fact in the earliest spectra (—17

ps) at both temperatures, F-like absorption is
favored over STE absorption by afactor of 2 or 3.
For each of the 50-ps frames, we may presume that
the STE has equilibrated with the lattice. For 300 K
the F-like and the STE bands have roughly equal
strengths at 50 ps. If we assume n, =10, then the
data are accommodated by £] =60 meV.

In late-term development at 80 K, the population
accumulates at Rpy =0, subject to radiative decay
as an STE. At 300 K the Rgy=0 and nn popula-
tions are together depleted by escape over the bar-
rier E,, and we observe the normal F band growing
in at the expense of the more localized components.
The room-temperature STE lifetime apparent in
Fig. 1 corresponds satisfactorily to

vaR =vgy lexp(E,/ kT) =815 ps,

with the parameters taken from the literature as
described above. While the STE-FH potential curve
is only schematic, the model provides a reasonable
account for the temporal development of the
several spectra features.

In summary, these data reaffirm the role of the
lowest excitonic potential surface in primary defect
production in NaCl and, by generalization, in other
crystals lacking an efficient low-temperature chan-
nel. Defect production follows promotion to a po-
tential sheet on which the barriers to halogen dif-
fusion are small. Clearly, the thermally activated
process may occur in parallel with production
directly from higher STE states, in crystals such as
KCl and KBr.’

We wish to thank M. N. Kabler for helpful dis-
cussions; further we acknowledge support from the
Energetic Materials Special Focus Program.

ID. Pooley, Solid State Commun. 3, 241 (1965); H. N.
Hersh, Phys. Rev. 148, 928 (1966). Pooley’s mecha-
nism, however, implies that the primary defects are va-
cancies and interstitial ions; recent data uniformly indi-
cate that the primary defects are F-H pairs.

2D. Pooley and W. A. Runciman, J. Phys. C 3, 1815
(1970).

3Y. Kondo, M. Hirai, and M. Ueta, J. Phys. Soc. Jpn.
33,151 (1972).

4R. T. Williams and M. N. Kabler, Phys. Rev. B 9,
1897 (1974).

5J. N. Bradford, R. T. Williams, and W. L. Faust, Phys.
Rev. Lett. 35, 300 (1975).

6M. N. Kabler, in Proceedings of the NATO Advanced
Study Institute on Radiation Damage in Materials, Corsica,
1973, edited by C. H. S. Dupuy (Noordhoff, Leyden,
1975), p. 171; N. Itoh and M. Saidoh, J. Phys. (Paris),

1711



VOLUME 52, NUMBER 19

PHYSICAL REVIEW LETTERS

7 MAY 1984

Collog. 34, C9-101 (1973); Y. Toyozawa, J. Phys. Soc.
Jpn. 44, 482 (1978).

TFor reviews of excited-state models, see R. T. Wil-
liams, Semicond. Insul. 3, 251 (1978); N. Itoh, Adv.
Phys. 31, 491 (1982).

8R. T. Williams, Phys. Rev. Lett. 36, 529 (1976);
K. Tanimura and N. Itoh, Semicond. Insul. 5, 473
(1983). In NaCl at 5 K, the maximal yield STE*— FH is
~ 10% of that for KCI; K. Soda and N. Itoh, J. Phys.
Soc. Jpn. 50, 3988 (1981).

9R. T. Williams, Semicond. Insul. §, 457 (1983). -

10A. E. Purdy and R. B. Murray, Solid State Commun.
16, 1293 (1975); K. Tanimura, M. Fujiwara, T. Okada,
and T. Suita, Phys. Lett. 50A, 301 (1974).

1R, T. Williams, J. N. Bradford, and W. L. Faust, Phys.
Rev. B 18, 7038 (1978).

12There is deficiency of computed absorption near the
edges of the field, causing some displacement of features.
Thus the peak of the stable Fband at 300 K appears here
at 2.60 eV rather than at 2.65 eV.

I3M. N. Kabler and R. T. Williams, Phys. Rev. B 18,
1948 (1978).

1712

14A relatively large value of the barrier height for strict
[110] motion has been computed: N. Itoh, A. M. Stone-
ham, and A. H. Harker, J. Phys. C 10, 4197 (1977).
Although motion preserving [110] orientation has been
demonstrated in the fast low-temperature process of crys-
tals from category B [K. Tanimura, K. Soda, and N. Itoh,
Solid State Commun. 36, 745 (1980)], the diffusive
motion envisaged here is more general.

IST, Karasawa and M. Hirai, J. Phys. Soc. Jpn. 39, 999
(1975).

16M. Tkezawa and T. Kojima, J. Phys. Soc. Jpn. 27, 1551
(1969).

7M. N. Kabler and D. A. Patterson, Phys. Rev. Lett.
19, 652 (1967).

18 Analogous concepts were discussed by M. Hirai,
Y. Kondo, T. Yoshinari, and M. Ueta, J. Phys. Soc. Jpn.

30, 440 (1971); see also Ref. 5.

19Note that the observation of early (10 ns) For F-like
absorption at low temperature in both KI and NaCl has
been taken to imply an excited-STE mechanism (Ref.
15). In Ref. 9 and in the present work, this is interpreted
to manifest a nascent population of FH .



