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Luminescence and resonant Raman scattering of color centers in irradiated crystallineL-alanine

E. Winkler, P. Etchegoin, A. Fainstein, and C. Fainstein
Centro Atómico Bariloche & Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica & Universidad Nacional de Cuyo,

8400-San Carlos de Bariloche, Rı´o Negro, Argentina
~Received 17 December 1997!

The color centers in electron irradiatedL-alanine crystals are studied by means of resonant Raman scattering
and photoluminescence. We find a selective resonant enhancement of some of the Raman-active vibrations.
The Raman resonant modes are either localized at the methyl group or belong to lattice modes comprising
displacements of the ammonium group in the damaged amino acid molecules. The luminescence intensity
wanes with increasing temperature above an onset of;150 K, indicating a strong interaction of the photoex-
cited electrons in the defects with the lattice modes. These results are compared with the electron-
paramagnetic-resonance absorption brought forth by these defects. A simple model calculation that explains
the experimental results qualitatively is presented. It is shown that optical spectroscopy provides a valuable
technique to study color centers in organic crystals on account of the spatial information of the wave function
that can be obtained by resonant Raman scattering.@S0163-1829~98!03221-4#
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I. MOTIVATION

Amino acid crystals constitute important model syste
for the physical properties of more complex macr
molecules such as proteins, metalloproteins, and nuc
acids.1 Besides this fundamental interest, crystalline alan
@CH3CH(NH2)COOH# has proven to be a good candida
for applications in irradiation dosimetry. The reason is tw
fold: its linearity in a large range of radiation doses, and
superior time stability to record such events. Irradiation
duced defects show no substantial decay over periods o
years at room temperature.2 The irradiation induced defect
can be quantified and have been mainly studied by elec
paramagnetic resonance~EPR!,3–5 and by related technique
such as electron-nuclear double resonance~ENDOR! ~Ref. 6!
and longitudinally modulated ENDOR~LOMENDOR!.7 In
fact, the hyperfine structure of irradiation produced free ra
cals in alanine crystals provides important information on
symmetry and dynamics of the defects.

The EPR spectra of irradiated single crystals of alani
for the magnetic field along thec axis, is characterized by
five lines at room temperature that split in a more comp
structure below;120 K.3–5 The interpretation of these spe
tra as produced by a spin-1

2 coupled through the hyperfin
interaction to four protons, has enabled an assignment o
defect as a dangling electron produced by the breaking of
bond linking the ammonium group~NH 2) with the rest of
the molecule. The unpaired electron is mainly localized
the CH and methyl~CH3) groups. The temperature depe
dence of the spectra has been associated with the dyna
of the methyl group; its accelerating rotation with increas
temperature produces ahyperfine interaction averaging,
similar in many respects to the phenomenon of motional n
rowing. Besides the induced magnetic resonance absorp
the electron irradiation damage in alanine generates c
centers producing a yellowish appearance to the naked e
the otherwise transparent samples. However, to the be
our knowledge, no study of the luminescence and Ram
spectra of vibrational modes linked to the damaged m
570163-1829/98/57~21!/13477~8!/$15.00
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ecules has been reported up to the present, in spite of the
information that these techniques can provide regarding
electronic structure and dynamics of the defects.

We have carried out a comprehensive study of elect
irradiation induced defects in crystallineL-alanine by optical
techniques. The Raman and infrared spectra of nonirradi
L-alanine crystals have been extensively studied in
past.8–10 While the low-frequency portion of the spectr
originates in lattice modes propagating through the wh
crystal, higher energy modes have been clearly identified
due to intramolecular vibrations localized in different pa
of the molecule. This specificity of the vibrational spectra
exploited in our investigations as a localized probe of
defect electron wave function and its spatial extension. T
is accomplished by studying the selective resonant enha
ment of spectral features. In fact, Raman scattering by vib
tions in insulators is mediated by excitonic transitions and
efficiency dependence with laser energy can hence be us
gain information on the electronic structure and electro
phonon interaction.11 We found that a broad inhomoge
neously broadened luminescence centered at about 2.2
characterizes the emission spectra of irradiated samples
that only particular modes, basically comprising vibratio
of the methylbut also the ammoniumgroup, resonate when
the laser energy is varied around this energy. These res
imply that the defect wave function extends not only to t
methyl and CH groups, as inferred from the magnet
resonance experiments, but also significantly to the separ
NH 2 group. Further support for this picture is found in th
temperature dependence of the luminescence, which sh
an intensity decrease above an onset of;150 K and which
can be linked to the interaction of the photoexcited electr
localized in the defect, with the same ammonium rela
phonon modes observed to display a resonant Raman be
ior. These conclusions are further supported by a calcula
of the electronic structure of a damagedL-alanine molecule.

The paper is organized as follows. Section II describes
magnetic resonance and optical spectroscopy experime
setup as well as the samples used in this investigation.
13 477 © 1998 The American Physical Society
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13 478 57WINKLER, ETCHEGOIN, FAINSTEIN, AND FAINSTEIN
proceed to present our magnetic-resonance results in Sec
as a brief overview of the current knowledge on irradiati
induced defects inL-alanine. The Raman spectra and th
assignment, the resonant Raman-scattering results, an
luminescence data as a function of temperature follow
Sec. IV. A brief calculation of the electronic structure of
defect inL-alanine is presented in Sec. V and, finally, a fe
conclusions are presented in Sec. VI.

II. EXPERIMENTAL SETUP AND SAMPLES

EPR absorption experiments as a function of tempera
between 77 K and 300 K were carried out at X-band~9 GHz!
on a Bruker ESP300 spectrometer. The luminescence
Raman spectra, on the other hand, were recorded on a J
Yvon T64000 triple spectrometer working in substracti
mode, also in the 77–300 K range. CCD multichannel a
phototube~single-channel! detection were used according
the need for the optical experiments. Typical resolutio
were around 1 cm21 for the Raman spectra, and 2 nm for th
luminescence scans in single-channel detection. The lu
nescence spectra were excited with the 454.5 nm line o
Ar 1 laser. For the resonant Raman spectra the nine A1

laser lines, ranging from 514.5 to 454.5 nm, and a sin
mode polarized He-Ne laser~632.8 nm, 5 mW! were em-
ployed as excitation. Input laser powers up to 200 mW
the Ar1 laser and spots of;100 mm in diameter were used
The Raman-scattering experiments were performed i
backscattering configuration, with excitation and collecti
along thea crystal axis and parallel polarizations alongb

@a(b,b)ā in the Porto’s notation11#.
L-alanine single crystals were grown by slow evaporat

of an aqueous solution at room temperature. The obta
crystals show well-defined$120% faces, the intersection o
which defines ac axis that enables easy positioning for t
magnetic resonance and polarized optical experiments.
irradiation of the samples was accomplished by a 2.5 M
electron beam at the LINAC facility of the Centro Ato´mico
Bariloche, typically from a few seconds to some minut
Several samples with up to 0.2% of irradiation damag
molecules were studied. Dose uniformity through the crys
volume was assured by rotation of the sample normal to
electron-beam direction during the irradiation periods.

III. ELECTRON PARAMAGNETIC RESONANCE

In this section we will present our EPR absorption data
irradiatedL-alanine crystals. However, since a compreh
sive and detailed account of these results can be found in
literature,3–5 we will only briefly dwell on them to introduce
the established knowledge concerning the free radical lef
irradiation damage. We shall also use these results to as
tain the quality and characteristics of the samples used in
investigation.

The alanine molecule@CH3CH(NH2)COOH#, shown in
Fig. 1, can be divided for discussion purposes in a me
~CH3) and an ammonium~NH 2) group, linked to a COOH
radical by a CH bond. The crystal structure is orthorhom
with four molecules per unit cell, and the link between m
ecules is established through hydrogen bonding between
oxygens of the COOH radical and the hydrogens of the a
III,
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monium group of the neighbor molecule.12 The COOH radi-
cal of L-alanine contributes to the bonding between m
ecules in the crystal, but has been shown from E
experiments3–5 to have no detectable coupling with the irr
diation induced electron. The stable free radical produced
irradiation is apparently due to the breaking of the C-NH2
bond leading to an unpaired electron spatially extend
through the CH3 and CH groups. In fact, the EPR spectru
at high temperatures@T5298 K, shown in Fig. 2~a!#, ob-
tained with the magnetic field along thec axis, is composed
of five lines that can be well accounted for by a dangli
bond model of an unpaired electron coupled through the
perfine interaction with four equivalent protons.4 The four
protons are assumed to be the three hydrogen atoms in
CH3 group, made equivalent by the temperature induced
thyl group rotation about its axis, plus the hydrogen atom
CH. This conclusion is also supported by the splitting
these lines at lower temperatures@below 120 K, see Fig.
2~b!#, which indicates a slowing down of this movement a
a consequent differentiation of the hyperfine interaction w
each of the hydrogen atoms. The fit of the spectra in Fig
was obtained with a model that includes the hyperfine in
action with the four protons, allowing for the reorientation
the methyl group with a temperature-dependent characte
tic time t ~see Ref. 5 for details!. There is an overall good
agreement. Note however that weaker interactions with,
example, the protons in the ammonium group, could gen
ate some of the unaccounted smaller spectral features
could also be masked in the relatively large observed li
widths. As we shall comment in Sec. V, these linewidths
also consistent with the existence of a distribution of hyp
fine couplings due to inhomogeneously broadened de
electronic states. The integrated intensity of the roo
temperature EPR signals in irradiatedL-alanine crystals is
used as an extremely precise and stable dosimeter,2 and has
been used here to determine the radiation dose of the stu
samples.

In the next section we present our Raman-scattering
luminescence data that provide a more complete descrip
of the electronic defects in irradiatedL-alanine samples
through their interaction with molecular and lattice vibr
tions.

IV. RAMAN SCATTERING AND LUMINESCENCE

The polarized Raman spectrum ofL-alanine single crys-
tals has been the subject of a painstaking study in the p8

FIG. 1. Molecule ofL-alanine. The molecule is basically com
posed of a CH3 methyl group, an ammonium~NH2) group linked
to CH, and a COOH radical.
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57 13 479LUMINESCENCE AND RESONANT RAMAN SCATTERING . . .
in the light of normal mode analysis complementary to
frared transmission spectroscopy.9,10 For the present aim, we
shall not dwell on the full characterization of the modes
view of the fact that we direct our attention solely to tho
modes that show some resonant behavior with the electr
defects. For the full details of mode labeling, the reade
referred to the exhaustive previous works on the subject.8–10

In Fig. 3 we show the polarized Raman spectrum of a n
irradiated single crystal ofL-alanine at room temperature fo
the a(b,b)ā scattering configuration. We shall make a fe
general comments on the overall characteristics of the s
trum to help in addressing the issues of our interest su
quently. The Raman spectrum of crystallineL-alanine dis-
plays modes up to;3200 cm21. For the isolated molecule
in the form of zwitterion, the lowest vibration is aroun
;25 cm21 while the highest is;3400 cm21.13 In the crys-
tal, the presence of four molecules in each unit cell brin
forth additional modes calledlattice modes8–10 that have
their origin in the intermolecular interactions. We shall
concentrating our attention to two types of modes with d
ferent origins, to wit:~i! a collection of modes around 290
cm21 identified as intramolecular stretching of the hydr

FIG. 2. EPR spectra of anL-alanine irradiated crystal measure
at 298 K ~a! and 100 K~b!. Note the splitting of lines at lower
temperatures due to the slowing down of methyl group rotatio
The curves are fits with a model that takes into account the hy
fine interaction with the four protons in the CH3 and CH groups,
and allows for the reorientation of the methyl group~see text for
details!.
-
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gens and~ii ! a series of low-frequency modes betwe
;1002120 cm21 that have their origin in intermolecula
interactions through the hydrogen bonds linking differe
molecules of the unit cell. These latter modes are, theref
lattice modes8–10 and have been previously investigated
the framework of hydrogen bonding studies14 and dynamic
localization of phonons.15 The stretching modes of the hy
drogens linked to the nitrogen atom~ammonium group! do
not belong to the modes around;2900 cm21 because they
are modified by the hydrogen bonding to the neighbor
oxygens. We can, therefore, consider the modes around 2
cm21 as completely arising from the methyl group. The la
tice modes will be, accordingly, mainly related to the amm
nium group. Henceforth, we shall understandlattice modes
or stretching modes intensitiesas theintegratedintensities of
these vibrations. The spectrum in Fig. 3 has been taken
the 514.5 nm line of the Ar1 laser, where the nonirradiate
crystal is translucent; the spectrum is, accordingly, ba
groundless.

Upon irradiation with an electron beam, the sample tu
yellowish due to the presence of electronic defects in the
~color centers! and displays a broad featureless luminesce
in the visible. In Fig. 4 we show a sample with 0.1%
damaged molecules, being excited with the different lines
the Ar1 laser and, additionally, the 632.8 nm line of a lo
power polarized He-Ne laser. The scattering configuratio
the same as in Fig. 3. The salient characteristics of the s
tra are summarized as follows:~i! for all lines of the Ar1

laser the spectra consist of a broad featureless backgro
luminescence and the Raman modes on top.~ii ! The shape of
the luminescence changes gradually on going from the 51
nm to the 454.5 nm excitation lines. This effect comes ab
because the laser is within the luminescence at 514.5 nm
fully above it at 454.5 nm.~iii ! The intensity of the stretching
modes can be seen to change with a naked eye, increa
slightly from 514.5 to 472.5 nm excitation, and then rema

s.
r-

FIG. 3. Raman spectrum in thea(b,b)ā configuration of a non-
irradiatedL-alanine single crystal at room temperature. The mo
around;2900 and;100 cm21 have their origin in intramolecular
stretching of the hydrogens in the methyl group and intermolec
hydrogen-bond lattice vibrations in the ammonium group, resp
tively. These modes show a resonant behavior upon irradiation
are, accordingly, subject to special attention in this study.
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FIG. 4. Raw Raman spectra of an electron-beam irradiated single crystal ofL-alanine (0.1% of damaged molecules! at 77 K in the

a(b,b)ā scattering geometry. The different curves belong to distinct excitation lines of the Ar1 laser ranging from 514.5 to 454.5 nm, an
200 mW for all lines. The curves have been vertically displaced for display purposes. Note the presence of a broad featureless lum
background below the Raman signals. Note also the change in the intensity of the stretching modes that appear at; 2 eV for the 514.5 nm
and at; 2.4 eV for the 454.5 nm lines, respectively. The spectrum taken with a He-Ne laser is also shown on the left side. Note
stretching modes are near;1.6 eV in this case and their intensity has dropped considerably. The luminescence extends from;1.7 to;2.7
eV. See text for further details.
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ing approximately constant.~iv! The spectrum with the
He-Ne laser~632.8 nm! shows the complementary low
energy tail of the luminescence. Note that the stretch
modes for this line are weak and approximately located
;1.6 eV.~v! The lattice modes show the converse behav
of the stretching ones for the Ar1-laser lines. With the 514.5
nm excitation line the modes are seen as a small peak loc
approximately at 2.4 eV. Their intensity decreases gradu
until they are barely seen for\vL5454.5 nm. Conversely,
the lattice modes for the He-Ne laser are situated on top
luminescence at;1.95 eV and show a considerable e
hancement.

The raw data displayed in Fig. 4 give a general outlo
and points towards the existence of some interaction betw
the broad luminescence and both the stretching and la
modes. Nevertheless, the quantitative analysis of the in
sity variations of the peaks has to be corrected by the spe
dependence of the CCD detector. After doing so, it can
shown that stretching and lattice modes do display an
hancement when they are on top of the underlying lumin
cence, as we shall show later. Perhaps the most direct p
that this happens, and that it is indeed different from
behavior of a nonirradiated crystal, is to compare the Ram
signals of two crystals, with and without irradiation, for
fixed laser excitation line. This is done in Fig. 5, where w
compare the two spectra for two laser lines. In Fig. 5~a!, the
laser and the lattice mode’s energy are above the lumin
cence of the irradiated sample while the stretching modes
within. In Fig. 5~b!, on the other hand, the laser~He-Ne,
632.8 nm! and the lattice modes are on top of the low-ener
tail of the luminescence while the stretching modes lay
low. Though a direct comparison of Raman intensities
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two samples with different surface quality and absorpt
cannot be done, if we arbitrarily set equal the intensity of
lattice modesin Fig. 5~a! ~inset!, the stretching modes inte
grated intensity is slightly larger~about;30%! in the irra-
diated crystal. Contrary to this, when the intensity of t
stretching modesis set equal in Fig. 5~b!, it is the lattice
modes on the low-energy tail of the luminescence that sh
a noteworthy enhancement in the irradiated sample.

The fact that the luminescence is broad and covers m
of the visible range thwarts the possibility of observing t
full resonant profile of the modes. As can be seen in Fig
the highest laser energy available for excitation~454.5 nm! is
not enough to place the stretching modes above the lumi
cence background. At the same time, the lowest energy
of the Ar1 laser ~514.5 nm! cannot push the stretchin
modes below the low-energy tail of the luminescence. T
lattice modes for the Ar1-laser lines explore the upper pa
of the luminescence only. There is, in addition, an abr
change to the other end for the He-Ne laser, where
stretching modes lay below and the lattice ones on top of
luminescence. We can, however, reconstruct part of the r
nance profile if we use the combined data for the two mo
with the intensities appropriately normalized. This is sho
in Fig. 6~a! where we show the normalized intensities for t
stretching and lattice modes for all nine lines of the A1

laser. The normalization with respect to the spectromete
sponse has been done by dividing the integrated peak in
sities at each laser wavelength with the corresponding
measured in a nonirradiated sample. The data points for
stretching modes span the energy range; 2.05–2.35 eV,
while the lattice modes cover the range; 2.4–2.7 eV. If we
liken the curve around 2.35 eV we can obtain a fairly go
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57 13 481LUMINESCENCE AND RESONANT RAMAN SCATTERING . . .
idea of what the full resonant profile should look like, wi
the proviso in mind that the coupling of the modes to t
electrons that produce the luminescence may be differ
Note that only single resonant Raman processes11 are pos-
sible here: a double resonance, that is, an incoming r
nance of the laser and a subsequent outgoing resonan
the scattered photon would imply the participation of tw
electronic states that, in fact, correspond todifferent mol-
ecules. The modes at 2900 cm21 are enhanced mainly
through an outgoing resonance, while for the lattice mo
both incoming and outgoingsingle resonances contribut
~the laser and phonon peaks are rather close in the sca
energies covered by the defect states and thus we ca
distinguish both processes!. The other prominent feature t
be mentioned is that the data in Fig. 6~a! implies a rather
weak resonant enhancement that is coarsely a factor of 5
This weak enhancement has a physical origin that we s
comment upon later.

Finally, we concentrate on the characteristics of the lu
nescence for the irradiated samples. First, the fact that
luminescence is broad points in the direction of inhomo
neous broadening as the main cause for its width. T
broadening has its origin in the distribution of different d
fects created by the electron-beam irradiation. Moreover,
temperature dependence of this broad emission shows

FIG. 5. Comparison between the Raman spectra of twoL-
alanine crystals with and without irradiation for two different las
lines. In ~a!, the excitation is done with the 454.5 nm line of th
Ar 1 laser. The inset is a blowup of the low-energy region. The la
and the lattice modes are above the maximum of the luminesce
and the intensity of the latter has been set arbitrarily equal for b
samples. The stretching modes are enhanced (;30% in the inte-
grated intensity! for the irradiated sample in this case. In~b!, the
situation is reversed for the He-Ne laser. The lattice modes on
low energy tail of the luminescence are enhanced for the irradi
sample when the stretching modes intensity is set equal.
t.
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there is no noticeable change in the position of the ma
mum, which always stays at;2.25 eV. This is shown in Fig.
6~b! where the luminescence under the 454.5 nm excita
line is shown for a heavily irradiated sample with 0.2%
damaged molecules. Note that, to avoid the problem
matching several CCD-camera scans, these spectra wer
quired using a phototube detector with a relatively lar
wavelength step and lower detectivity. This explains the
sence of the Raman lines on top of the luminescence, a
Fig. 4. As can be appreciated, a change from 77 K to ro
temperature does not shift the maximum of the peak, imp
ing the absence of thermalization among the electrons in
defects. This is in qualitative agreement with the expec
tions from the density of defects as obtained from EPR t
can be understood as coming from a relatively diluted c
lection of states (; one defect every ten cells!. Thermaliza-
tion among color center is, therefore, unlikely. The ma
conclusion of this observation is that the luminescence
shape can be considered a fairly good representation of
defect density of states in the gap.

In addition, the temperature dependence of the lumin
cence intensity measured at the maximum of the peak

r
ce,
th

e
d

FIG. 6. ~a! Normalized~by the incident power and detector re
sponse! intensity of the stretching and lattice modes for all ni
lines of the Ar1 laser. The two curves are conveniently match
around 2.3 eV to give a continuous resonance profile. Note that
resonance enhancement is roughly;50%. The curve is a guide to
the eye. In~b! we show the luminescence of a heavily irradiat
sample at 77 K and room temperature. Notice that the maximum
the luminescence remains unaltered around;2.25 eV, implying the
absence of thermalization among the electrons producing the lu
nescence. The inset shows the temperature dependence of the
nescence maximum. Note the crossover around 150 K, which
plies a relaxation of the electronic states in the defects thro
phonons ofv;100 cm21. These modes are the lattice modes th
exhibit, at the same time, a resonant behavior in Fig. 5~b!. See text
for further details.
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plays some sort of consistency with the presence of a r
nant behavior for the lattice modes. In effect, we show in
inset to Fig. 6~b! the temperature dependence of the lumin
cence intensity. It is quite clear from the data that there
crossover in the relaxation of the luminescence at a temp
ture of;150 K. This temperature corresponds exactly to
phonon energy of the lattice modes that is;100 cm21.
Thence, we conclude that the electrons producing the lu
nescence are coupled to the lattice modes ofv;100 cm21

through the electron-phonon interaction and that is, at
same time, consistent with a resonant behavior like the
shown in Fig. 5~b!. The stretching modes, on the other han
have no influence in the luminescence intensity at this te
peratures since 2900 cm21; 4100 K.

As mentioned earlier, the fact that the resonance enha
ment in Fig. 6~a! is weak has a physical origin and can
traced to the relatively small amount of damaged molecu
~0.1%! and, in addition, a natural consequence of a w
inhomogeneous broadening. The former implies that o
;1023 of the Raman-scattering processes relative to
studied phonons should be resonantly enhanced, the
tronic transitions in the nonirradiated molecules being s
eral eV above the excitation energy. The latter, on the o
hand, means that for the scattering occurringin damaged
molecules in the crystal, there is a strong resonant enha
ment only for a narrow collection of states in the gap th
coincide in energy with the incident or scattered photo
The Raman signal in this situation is the result of a hu
nonresonant contribution provided by all the states in the
that are not resonant~nondamaged molecules plus irradiat
ones with the defect level far away from the incident
scattered photon! plus the resonant contribution of a ve
small fraction of states that are degenerate with any of
two photons. The ratio of the two can be as small as 1025

and a change by 50% in thetotal intensity produced by thes
resonant states is equivalent to a resonance enhanceme
the order of 105, which is typical, in fact, ofstrongRaman
resonances. Note also that the spectra used for Fig.~a!,
taken with the nine Ar1-laser lines, lay in all cases within
the luminescence, and thus the scattering is never comple
detuned from resonance~the spectrum taken with the He-N
laser is not included in the figure!.

In the next section, we shall discuss a calculation o
simple model defect in irradiatedL-alanine that can explain
qualitatively these findings.

V. CALCULATION OF THE ELECTRONIC DEFECT

The experimental evidence on the nature of the electro
defect produced by electron irradiation on single crystals
L-alanine can be summarized as follows:~i! the EPR results
are consistent with a dangling electron localized at the m
thyl and CH groups. A simplified model for this unpaire
electron that explains the hyperfine coupling constants
served in EPR has been developed by Miyagawa
Itoh.4~ii ! The color centers induced in the gap by irradiati
show a density of states, as deduced from the luminesce
with a fairly large inhomogeneous broadening, suggestin
myriad of possible configurations for the ammonium gro
with respect to the rest of the molecule.~iii ! The lumines-
cence of the defects shows a resonant behavior with
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types of modes, one at 2900 cm21, associated with the hy
drogen stretching of the methyl group, and the lattice mo
around;100 cm21 related to the hydrogen bridges betwe
the ammonium group and the oxygens of the neighbor m
ecule in the unit cell.~iv! The temperature dependence of t
intensity of the luminescence@inset to Fig. 6~b!# evidences
the interaction of the electrons in the color centers w
phonons of;100 cm21, which coincide with the energy o
the lattice modes. Point~ii ! is perfectly consistent with the
results of EPR, while points~iii ! and~iv! imply also a defect
wave function with certain overlap on the ammonium grou

In line with the previous theoretical treatment of the d
fect by Miyagawa and Itoh we need to reconcile the reson
Raman behavior of the lattice modes as well as the distr
tion of possible energies for the luminescence emission
the gap with the EPR results. To this end, we need to mo
the electronic defect including, at the same time, the prox
ity of the ammonium group that was separated from the m
ecule by the effect of irradiation. The model defect is co
structed by considering an isolated alanine molecule with
the ammonium group in the proximity of a NH3 group that
models the breakup of the central C-N bond upon irradiati
The main problem in shaping a proper model for a defec
this type by means of an isolated molecule is to appropria
take into account the effect of therest of the crystal in the
charge balance of the molecule, i.e., to suitably consi
boundary conditions for the orbitals to model the real situ
tion inside the crystal. This is not an easy task but can
reasonably well overcome to obtain qualitative results.

We assume a model defect with the following charact
istics: the C-N central bond of a single alanine molecule
cut and the free nitrogen bond is saturated with an additio
hydrogen. This reduces the electron affinity of the amm
nium group and simulates the partial compensation produ
in the real crystal by the oxygens of the neighbor molec
through hydrogen bonding. At the same time, the oxygen
the COOH group could be saturated with an additional
drogen to avoid one double bond to the carbon and simu
once more the hydrogen bonding to the neighbor molec
This has, however, little effect on the ground-state wa
function and we therefore leave this group as COOH. In t
manner, a dangling bond coming from the unpaired elect
in the central carbon of the molecule~CH! is generated on
the side of the molecule that is attached to the methyl gro
This dangling bond is the electronic state modeled by Mi
gawa and Itoh4 with a simplified version of the orbital wave
function involving the methyl group solely. The part of th
molecule that contains the methyl group is not allowed
relax its geometry in the calculation after the ammoniu
group has been separated. This is done because struc
relaxation should be to a great extent hindered in the
crystal by the presence of the neighboring molecul
Thence, the self-consistent electronic field of the molecul
calculated for a frozen geometry. The ground-state electro
wave functions are calculated by means of the Austin Mo
1 Hamiltonian~AM1! ~Ref. 16! and the programMOPAC ver-
sion VI developed by Stewart,17 which allows for a simulta-
neous determination of the hyperfine coupling constants
the different hydrogens of the molecule. The self-consist
electronic field is obtained in the unrestricted Hartree-Fo
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mode,18 which is more reliable for open shell molecules wi
unpaired electrons and situations describing bond break
The squared wave function of the unpaired electron in
ground state is shown in Fig. 7 for a typical separation
tween the ammonium group and the rest of the molecule.
have picked two views of the wave functions that clea
show that the dangling bond minimizes its interaction w
the divided ammonium group by producing a partial over
of the wave function in the region of the NH3. We find that
such a ground state has the following characteristics:~i! it
can interact with phonons that are localized either in
methyl or ammonium groups,~ii ! its absorption spectrum
obtained through aconfiguration interaction18 calculation
with a proper energy cutoff has peaks in the visible with
largest oscillator strengths in the range;2.222.5 eV, de-
pending on the exact position of the ammonium group~the
gap for the nonirradiated molecules is 7.2 eV! and, ~iii ! the
hyperfine coupling constants in the hydrogens of the me
group do show an anisotropy of the same order of magnit
as the one deduced in Miyagawa’s model3 and measured
experimentally. We obtain for a particular position of th

FIG. 7. Two side views of the squared ground-state wave fu
tion for the dangling electron in a model defect for irradiatedL-
alanine. Note the partial overlap of the wave function with t
NH3, CH, and methyl group. This configuration displays abso
tions in the visible around;2.222.5 eV as obtained through
configuration interaction calculation. This type of electronic st
can simultaneously explain the existence of luminescence in
visible, resonant Raman scattering with the stretching and la
modes and the existence of the EPR signal. Further details are g
in the text.
g.
e
-
e

p

e

e

yl
e

ammonium group the hyperfine constants of 6, 16, and 4
for the three hydrogens of the methyl group as compare
5, 27, and 43 G observed experimentally. The hyperfine c
stant relative to the hydrogen in the CH group is stron
sensitive to the exact position of the ammonium group, a
is thus not meaningful within this model.

Notwithstanding the correct qualitative picture, this mod
defect has to be interpreted as ademonstration of possibility
for several reasons. First, the saturation of the bonds
model the effect of the rest of the structure isper sea sim-
plification but, in addition, the exact position of the amm
nium group after the damage has been created is not kno
and possible structural relaxations of the damaged mole
can also have an influence on the electronic structure tha
not being considered here. Note that the uncertainty in
position of the ammonium group and the possible structu
relaxations are, in fact, needed ingredients to explain
huge inhomogeneous broadening observed in the lumi
cence. This is, at the same time, a source for inhomogene
broadening for the hyperfine coupling constants since dif
ent configurations will have distinct wave functions and, a
cordingly, different couplings of the spin density to the h
drogens. As a matter of fact, we believe that the obser
linewidths in EPR are consistent with the inhomogeneo
broadening of the luminescence. The calculation sho
qualitatively that it is, in principle, possible to have
ground-state wave function that explains simultaneously
EPR, luminescence, and resonant Raman signals.

VI. CONCLUSIONS

We have shown that resonant Raman scattering and
toluminescence provide additional useful information on
characteristics of the electronic defects created by irradia
in L-alanine. In particular, the wide diversity of modes th
these molecules possess allows for multiple possibilities
use these vibrations as local probes for the presence of lo
ized electrons in different parts of the molecules. Reson
Raman scattering complements, in this way, the results
tained by EPR and extends our knowledge on the natur
the defects. We have shown that the wave function of
electronic defect in irradiatedL-alanine needs to have som
overlap with both the ammonium and methyl groups in ord
to explain the temperature dependence of the luminesce
and the resonant Raman signals.
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