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Luminescence and resonant Raman scattering of color centers in irradiated crystalline-alanine
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The color centers in electron irradiateéilanine 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 onset180 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 scattef8@163-18208)03221-4

[. MOTIVATION ecules has been reported up to the present, in spite of the rich
information that these techniques can provide regarding the
Amino acid crystals constitute important model systemselectronic structure and dynamics of the defects.
for the physical properties of more complex macro- We have carried out a comprehensive study of electron
molecules such as proteins, metalloproteins, and nucleitradiation induced defects in crystallinealanine by optical
acids! Besides this fundamental interest, crystalline alaningechniques. The Raman and infrared spectra of nonirradiated
[ CH;CH(NH,)COOH] has proven to be a good candidate L-alanine crystals have been extensively studied in the
for applications in irradiation dosimetry. The reason is two-past®=° While the low-frequency portion of the spectra
fold: its linearity in a large range of radiation doses, and itsoriginates in lattice modes propagating through the whole
superior time stability to record such events. Irradiation in-crystal, higher energy modes have been clearly identified as
duced defects show no substantial decay over periods of 2@ue to intramolecular vibrations localized in different parts
years at room temperatutélhe irradiation induced defects of the molecule. This specificity of the vibrational spectra is
can be quantified and have been mainly studied by electroexploited in our investigations as a localized probe of the
paramagnetic resonan¢ePR),>~° and by related techniques defect electron wave function and its spatial extension. This
such as electron-nuclear double resongB®¢DOR) (Ref. 6  is accomplished by studying the selective resonant enhance-
and longitudinally modulated ENDORLOMENDOR).” In ment of spectral features. In fact, Raman scattering by vibra-
fact, the hyperfine structure of irradiation produced free raditions in insulators is mediated by excitonic transitions and its
cals in alanine crystals provides important information on theefficiency dependence with laser energy can hence be used to
symmetry and dynamics of the defects. gain information on the electronic structure and electron-
The EPR spectra of irradiated single crystals of alaninephonon interaction! We found that a broad inhomoge-

for the magnetic field along the axis, is characterized by neously broadened luminescence centered at about 2.25 eV
five lines at room temperature that split in a more complexcharacterizes the emission spectra of irradiated samples and
structure below~120 K3~°The interpretation of these spec- that only particular modes, basically comprising vibrations
tra as produced by a spincoupled through the hyperfine of the methylbut also the ammoniumgroup, resonate when
interaction to four protons, has enabled an assignment of thite laser energy is varied around this energy. These results
defect as a dangling electron produced by the breaking of thinply that the defect wave function extends not only to the
bond linking the ammonium grouNH ,) with the rest of methyl and CH groups, as inferred from the magnetic-
the molecule. The unpaired electron is mainly localized aresonance experiments, but also significantly to the separated
the CH and methy(CH3) groups. The temperature depen- NH, group. Further support for this picture is found in the
dence of the spectra has been associated with the dynamitsmperature dependence of the luminescence, which shows
of the methyl group; its accelerating rotation with increasingan intensity decrease above an onset-d50 K and which
temperature produces hyperfine interaction averaging can be linked to the interaction of the photoexcited electron,
similar in many respects to the phenomenon of motional narlocalized in the defect, with the same ammonium related
rowing. Besides the induced magnetic resonance absorptiophonon modes observed to display a resonant Raman behav-
the electron irradiation damage in alanine generates coldor. These conclusions are further supported by a calculation
centers producing a yellowish appearance to the naked eye of the electronic structure of a damage@lanine molecule.
the otherwise transparent samples. However, to the best of The paper is organized as follows. Section Il describes the
our knowledge, no study of the luminescence and Ramamagnetic resonance and optical spectroscopy experimental
spectra of vibrational modes linked to the damaged molsetup as well as the samples used in this investigation. We
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proceed to present our magnetic-resonance results in Sec. lll,
as a brief overview of the current knowledge on irradiation
induced defects in-alanine. The Raman spectra and their
assignment, the resonant Raman-scattering results, and the
luminescence data as a function of temperature follow in
Sec. IV. A brief calculation of the electronic structure of a
defect inL-alanine is presented in Sec. V and, finally, a few
conclusions are presented in Sec. VI.

. PERIMENTAL SETUP AND SAMPLES . . .
Il EX FIG. 1. Molecule ofL-alanine. The molecule is basically com-

EPR absorption experiments as a function of temperaturgosed of a CH methyl group, an ammoniurfNH;) group linked
between 77 K and 300 K were carried out at X-b#d@Hz)  to CH, and a COOH radical.
on a Bruker ESP300 spectrometer. The luminescence and
Raman spectra, on the other hand, were recorded on a Jobimonium group of the neighbor molecufeThe COOH radi-
Yvon T64000 triple spectrometer working in substractivecal of L-alanine contributes to the bonding between mol-
mode, also in the 77-300 K range. CCD multichannel andecules in the crystal, but has been shown from EPR
phototube(single-channgldetection were used according to experiment$™ to have no detectable coupling with the irra-
the need for the optical experiments. Typical resolutionddiation induced electron. The stable free radical produced by
were around 1 cm? for the Raman spectra, and 2 nm for the irradiation is apparently due to the breaking of the C-NH
luminescence scans in single-channel detection. The lumbond leading to an unpaired electron spatially extending
nescence spectra were excited with the 454.5 nm line of athrough the CH and CH groups. In fact, the EPR spectrum
Ar ™ laser. For the resonant Raman spectra the niné Ar at high temperaturefT=298 K, shown in Fig. 23], ob-
laser lines, ranging from 514.5 to 454.5 nm, and a singlaained with the magnetic field along tleeaxis, is composed
mode polarized He-Ne las€632.8 nm, 5 mW were em-  of five lines that can be well accounted for by a dangling
ployed as excitation. Input laser powers up to 200 mW forbond model of an unpaired electron coupled through the hy-
the Ar* laser and spots of 100 um in diameter were used. perfine interaction with four equivalent protoh&he four
The Raman-scattering experiments were performed in @rotons are assumed to be the three hydrogen atoms in the
backscattering configuration, with excitation and collectionCH; group, made equivalent by the temperature induced me-
along thea crystal axis and parallel polarizations alobg thyl group rotation about its axis, plus the hydrogen atom in
[a(b,b)gin the Porto’s notatioh]. CH. This conclusion is also supported by the splitting of

L-alanine single crystals were grown by slow evaporatiorthese lines at lower temperaturfiselow 120 K, see Fig.
of an aqueous solution at room temperature. The obtainedb)], which indicates a slowing down of this movement and
crystals show well-defined120 faces, the intersection of a consequent differentiation of the hyperfine interaction with
which defines & axis that enables easy positioning for the €ach of the hydrogen atoms. The fit of the spectra in Fig. 2
magnetic resonance and polarized optical experiments. Th&as obtained with a model that includes the hyperfine inter-
irradiation of the samples was accomplished by a 2.5 Me\action with the four protons, allowing for the reorientation of
electron beam at the LINAC facility of the Centro Anico ~ the methyl group with a temperature-dependent characteris-
Bariloche, typically from a few seconds to some minutesfic time 7 (see Ref. 5 for details There is an overall good
Several samples with up to 0.2% of irradiation damageddgreement. Note however that weaker interactions with, for
molecules were studied. Dose uniformity through the crystaBxample, the protons in the ammonium group, could gener-
volume was assured by rotation of the sample normal to thate some of the unaccounted smaller spectral features, or

electron-beam direction during the irradiation periods. could also be masked in the relatively large observed line-
widths. As we shall comment in Sec. V, these linewidths are

also consistent with the existence of a distribution of hyper-
fine couplings due to inhomogeneously broadened defect

In this section we will present our EPR absorption data orflectronic states. The integrated intensity of the room-
iradiatedL-alanine crystals. However, since a compreheniemperature EPR signals in irradiateeblanine crystals is
sive and detailed account of these results can be found in tHésed as an extremely precise and stable dosimfeted has
literature>=> we will only briefly dwell on them to introduce been used here to determine the radiation dose of the studied
the established knowledge concerning the free radical left byamples. . _
iradiation damage. We shall also use these results to ascer- In the next section we present our Raman-scattering and
tain the quality and characteristics of the samples used in od#minescence data that provide a more complete description
investigation. of the electronic defects in irradiated-alanine samples

The alanine molecul§ CH;CH(NH,) COOH], shown in through their interaction with molecular and lattice vibra-
Fig. 1, can be divided for discussion purposes in a methylons.

(CH3) and an ammoniuntNH ) group, linked to a COOH

ra_dical by a CH bond. The_ crystal structure is orthorhombic |\, RAMAN SCATTERING AND LUMINESCENCE

with four molecules per unit cell, and the link between mol-

ecules is established through hydrogen bonding between the The polarized Raman spectrum ofalanine single crys-
oxygens of the COOH radical and the hydrogens of the amtals has been the subject of a painstaking study in the®past,

lll. ELECTRON PARAMAGNETIC RESONANCE
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FIG. 3. Raman spectrum in tleb,b)a configuration of a non-
irradiatedL-alanine single crystal at room temperature. The modes
around~2900 and~100 cni ! have their origin in intramolecular
stretching of the hydrogens in the methyl group and intermolecular
hydrogen-bond lattice vibrations in the ammonium group, respec-
tively. These modes show a resonant behavior upon irradiation and
are, accordingly, subject to special attention in this study.

d*’/dH (arb. units)

gens and(ii) a series of low-frequency modes between
L . 1 . L . L ~100-120 cmi! that have their origin in intermolecular
3300 3350 3400 3450 interactions through the hydrogen bonds linking different
. molecules of the unit cell. These latter modes are, therefore,
Magnetic field (Gauss) lattice mode%° and have been previously investigated in
the framework of hydrogen bonding studiésnd dynamic
FIG. 2. EPR spectra of analanine irradiated crystal measured |ocalization of phonon&® The stretching modes of the hy-
temperatures due to the slowing down of methyl group rotationspo¢ belong to the modes arounre2900 ent! because they
The curves are fits with a model that takes into account the hypery .o modified by the hydrogen bonding to the neighboring
fine interaction with the four protons in the GHand CH groups,  ,yvqens. We can, therefore, consider the modes around 2900
and _allows for the reorientation of the methyl gro(gee text for cm~* as completely arising from the methyl group. The lat-
details. . A . .
tice modes will be, accordingly, mainly related to the ammo-
nium group. Henceforth, we shall understaattice modes
in the light of normal mode analysis complementary to in-or stretching modes intensities theintegratedintensities of
frared transmission spectroscapyy.For the present aim, we these vibrations. The spectrum in Fig. 3 has been taken with
shall not dwell on the full characterization of the modes inthe 514.5 nm line of the Af laser, where the nonirradiated

view of the fact that we direct our attention SoIer to thOsecrysta| is trans|ucent; the Spectrum is, according|y, back-
modes that show some resonant behavior with the electronigroundless.

defects. For the full details of mode labeling, the reader is  ypon irradiation with an electron beam, the sample turns
referred to the exhaustive previous works on the suBljé€t. yellowish due to the presence of electronic defects in the gap
In Fig. 3 we show the polarized Raman spectrum of a nontcolor centersand displays a broad featureless luminescence
irradiated single crystal af-alanine at room temperature for in the visible. In Fig. 4 we show a sample with 0.1% of
the a(b,b)a scattering configuration. We shall make a few damaged molecules, being excited with the different lines of
general comments on the overall characteristics of the spethe Ar* laser and, additionally, the 632.8 nm line of a low
trum to help in addressing the issues of our interest subsgower polarized He-Ne laser. The scattering configuration is
guently. The Raman spectrum of crystallinealanine dis- the same as in Fig. 3. The salient characteristics of the spec-
plays modes up te-3200 cmi i, For the isolated molecule tra are summarized as follow§) for all lines of the Ar"

in the form of zwitterion, the lowest vibration is around laser the spectra consist of a broad featureless background
~25 cm ! while the highest is~3400 cm *.2¥Inthe crys-  luminescence and the Raman modes on @idpThe shape of

tal, the presence of four molecules in each unit cell bringghe luminescence changes gradually on going from the 514.5
forth additional modes callethttice mode%™° that have nm to the 454.5 nm excitation lines. This effect comes about
their origin in the intermolecular interactions. We shall bebecause the laser is within the luminescence at 514.5 nm and
concentrating our attention to two types of modes with dif-fully above it at 454.5 nm(iii ) The intensity of the stretching
ferent origins, to wit:(i) a collection of modes around 2900 modes can be seen to change with a naked eye, increasing
cm~! identified as intramolecular stretching of the hydro- slightly from 514.5 to 472.5 nm excitation, and then remain-
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FIG. 4. Raw Raman spectra of an electron-beam irradiated single crystahlahine (0.1% of damaged moleculed 77 K in the
a(b,b)a scattering geometry. The different curves belong to distinct excitation lines of thda&er ranging from 514.5 to 454.5 nm, and
200 mW for all lines. The curves have been vertically displaced for display purposes. Note the presence of a broad featureless luminescence
background below the Raman signals. Note also the change in the intensity of the stretching modes that appear &r 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 that the
stretching modes are nearl.6 eV in this case and their intensity has dropped considerably. The luminescence extendd ffoto~ 2.7
eV. See text for further details.

ing approximately constant(iv) The spectrum with the two samples with different surface quality and absorption
He-Ne laser(632.8 nm shows the complementary low- cannot be done, if we arbitrarily set equal the intensity of the
energy tail of the luminescence. Note that the stretchindattice modesn Fig. 5a) (insed, the stretching modes inte-
modes for this line are weak and approximately located agrated intensity is slightly largefabout~30%) in the irra-
~1.6 eV.(v) The lattice modes show the converse behaviodiated crystal. Contrary to this, when the intensity of the
of the stretching ones for the Arlaser lines. With the 514.5 stretching modess set equal in Fig. @), it is the lattice
nm excitation line the modes are seen as a small peak locatedodes on the low-energy tail of the luminescence that show
approximately at 2.4 eV. Their intensity decreases gradually noteworthy enhancement in the irradiated sample.
until they are barely seen fdrw, =454.5 nm. Conversely, The fact that the luminescence is broad and covers most
the lattice modes for the He-Ne laser are situated on top thef the visible range thwarts the possibility of observing the
luminescence at-1.95 eV and show a considerable en-full resonant profile of the modes. As can be seen in Fig. 4,
hancement. the highest laser energy available for excitati¢84.5 nm is

The raw data displayed in Fig. 4 give a general outlooknot enough to place the stretching modes above the lumines-
and points towards the existence of some interaction betweerence background. At the same time, the lowest energy line
the broad luminescence and both the stretching and latticef the Ar* laser (514.5 nm cannot push the stretching
modes. Nevertheless, the quantitative analysis of the intermodes below the low-energy tail of the luminescence. The
sity variations of the peaks has to be corrected by the spectréttice modes for the At-laser lines explore the upper part
dependence of the CCD detector. After doing so, it can bef the luminescence only. There is, in addition, an abrupt
shown that stretching and lattice modes do display an enchange to the other end for the He-Ne laser, where the
hancement when they are on top of the underlying luminesstretching modes lay below and the lattice ones on top of the
cence, as we shall show later. Perhaps the most direct probfminescence. We can, however, reconstruct part of the reso-
that this happens, and that it is indeed different from thenance profile if we use the combined data for the two modes
behavior of a nonirradiated crystal, is to compare the Ramawith the intensities appropriately normalized. This is shown
signals of two crystals, with and without irradiation, for a in Fig. 6(@) where we show the normalized intensities for the
fixed laser excitation line. This is done in Fig. 5, where westretching and lattice modes for all nine lines of the™Ar
compare the two spectra for two laser lines. In Fig@5the laser. The normalization with respect to the spectrometer re-
laser and the lattice mode’s energy are above the luminesponse has been done by dividing the integrated peak inten-
cence of the irradiated sample while the stretching modes lagities at each laser wavelength with the corresponding one
within. In Fig. 5b), on the other hand, the laséile-Ne, = measured in a nonirradiated sample. The data points for the
632.8 nm and the lattice modes are on top of the low-energystretching modes span the energy range2.05-2.35 eV,
tail of the luminescence while the stretching modes lay bewhile the lattice modes cover the range2.4—2.7 eV. If we
low. Though a direct comparison of Raman intensities forliken the curve around 2.35 eV we can obtain a fairly good
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FIG. 5. Comparison between the Raman spectra of tWo  sponsg intensity of the stretching and lattice modes for all nine
alanine crystals with and without irradiation for two different laser |ines of the Ar* laser. The two curves are conveniently matched
I|ne+s. In(a), the excitation is done with the 454.5 nm line of the around 2.3 eV to give a continuous resonance profile. Note that the
Ar ™ laser. The inset is a blowup of the low-energy region. The lasefesonance enhancement is roughl$0%. The curve is a guide to
and the lattice modes are above the maximum of the luminescencghe eye. In(b) we show the luminescence of a heavily irradiated
and the intensity of the latter has been set arbitrarily equal for botlample at 77 K and room temperature. Notice that the maximum of
samples. The stretching modes are enhanced0p6 in the inte-  the Juminescence remains unaltered arosri25 eV, implying the
grated intensity for the irradiated sample in this case. (), the  apsence of thermalization among the electrons producing the lumi-
situation is reversed for the He-Ne laser. The lattice modes on thRescence. The inset shows the temperature dependence of the lumi-
low energy tail of the luminescence are enhanced for the irradiateflescence maximum. Note the crossover around 150 K, which im-
sample when the stretching modes intensity is set equal. plies a relaxation of the electronic states in the defects through
phonons ofw~100 cn . These modes are the lattice modes that

idea of what the full resonant profile should look like, with €xhibit, at the same time, a resonant behavior in Fig).See text
the proviso in mind that the coupling of the modes to the'©" further details.
electrons that produce the luminescence may be different.
Note that only single resonant Raman proceSsage pos- there is no noticeable change in the position of the maxi-
sible here: a double resonance, that is, an incoming resaaum, which always stays at2.25 eV. This is shown in Fig.
nance of the laser and a subsequent outgoing resonance @b) where the luminescence under the 454.5 nm excitation
the scattered photon would imply the participation of twoline is shown for a heavily irradiated sample with 0.2% of
electronic states that, in fact, corresponddiéferent mol- damaged molecules. Note that, to avoid the problem of
ecules. The modes at 2900 crh are enhanced mainly matching several CCD-camera scans, these spectra were ac-
through an outgoing resonance, while for the lattice modesjuired using a phototube detector with a relatively large
both incoming and outgoingingle resonances contribute wavelength step and lower detectivity. This explains the ab-
(the laser and phonon peaks are rather close in the scale sénce of the Raman lines on top of the luminescence, as in
energies covered by the defect states and thus we cannbtg. 4. As can be appreciated, a change from 77 K to room
distinguish both processesThe other prominent feature to temperature does not shift the maximum of the peak, imply-
be mentioned is that the data in Figagimplies a rather ing the absence of thermalization among the electrons in the
weak resonant enhancement that is coarsely a factor of 50%efects. This is in qualitative agreement with the expecta-
This weak enhancement has a physical origin that we shatlons from the density of defects as obtained from EPR that
comment upon later. can be understood as coming from a relatively diluted col-
Finally, we concentrate on the characteristics of the lumidection of states £ one defect every ten cellsThermaliza-
nescence for the irradiated samples. First, the fact that thigon among color center is, therefore, unlikely. The main
luminescence is broad points in the direction of inhomoge<conclusion of this observation is that the luminescence line
neous broadening as the main cause for its width. Thishape can be considered a fairly good representation of the
broadening has its origin in the distribution of different de- defect density of states in the gap.
fects created by the electron-beam irradiation. Moreover, the In addition, the temperature dependence of the lumines-
temperature dependence of this broad emission shows thaénce intensity measured at the maximum of the peak dis-
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plays some sort of consistency with the presence of a resdypes of modes, one at 2900 crh associated with the hy-
nant behavior for the lattice modes. In effect, we show in thedrogen stretching of the methyl group, and the lattice modes
inset to Fig. 6b) the temperature dependence of the luminesaround~100 cm ! related to the hydrogen bridges between
cence intensity. It is quite clear from the data that there is @he ammonium group and the oxygens of the neighbor mol-
crossover in the relaxation of the luminescence at a temperacule in the unit cell(iv) The temperature dependence of the
ture of ~150 K. This temperature corresponds exactly to thentensity of the luminescendénset to Fig. 6b)] evidences
phonon energy of the lattice modes that+sl00 cm ™. the interaction of the electrons in the color centers with
Thence, we conclude that the elgctrons producing the I“m'phonons of~100 cn L, which coincide with the energy of
nescence are coupled to the lattice mode®6f100 cM ™ q jattice modes. Poini) is perfectly consistent with the
through the electron-phonon interaction and that is, at th‘?esults of EPR, while pointéii) and(iv) imply also a defect

zﬁgnvsntlirr?%i cogbs)ls_trehr;t ;Atllteflc?}i;esﬂs;ésbimamgrolmzrtEZn(zjnﬁlave function with certain overlap on the ammonium group.
g. %0). 9 ! '’ In line with the previous theoretical treatment of the de-

have no influence in the luminescence intensity at this temfect by Mivagawa and ltoh we need to reconcile the resonant
peratures since 2900 cm~ 4100 K. y Miyag

As mentioned earlier, the fact that the resonance enhancg-"’uﬂan beh"?“’ior of thg lattice modes as well as the_dis_,triby-
ment in Fig. 6a) is weak has a physical origin and can be ton of po§S|bIe energies for the Igmlnescence emission in
traced to the relatively small amount of damaged moleculed® 92p with the EPR results. To this end, we need to model
(0.1% and, in addition, a natural consequence of a Wide_the electronic defect including, at the same time, the proxim-
inhomogeneous broadening. The former implies that onlyty Of the ammonium group that was separated from the mol-
~103 of the Raman-scattering processes relative to th&cule by the effect of irradiation. The model defect is con-
studied phonons should be resonantly enhanced, the elestructed by considering an isolated alanine molecule without
tronic transitions in the nonirradiated molecules being sevthe ammonium group in the proximity of a Nffyroup that
eral eV above the excitation energy. The latter, on the othemodels the breakup of the central C-N bond upon irradiation.
hand, means that for the scattering occurringdamaged The main problem in shaping a proper model for a defect of
molecules in the crystal, there is a strong resonant enhanc#iis type by means of an isolated molecule is to appropriately
ment only for a narrow collection of states in the gap thattake into account the effect of thest of the crystal in the
coincide in energy with the incident or scattered photonscharge balance of the molecule, i.e., to suitably consider
The Raman signal in this situation is the result of a hugeboundary conditions for the orbitals to model the real situa-
nonresonant contribution provided by all the states in the gagon inside the crystal. This is not an easy task but can be
that are not resonaithondamaged molecules plus irradiated reasonably well overcome to obtain qualitative results.
ones with the defect level far away from the incident or \ye assume a model defect with the following character-
scattered photgnplus the resonant contribution of a very jstics: the C-N central bond of a single alanine molecule is
small fraction of states that are degenerate with any of the i and the free nitrogen bond is saturated with an additional
two photons. The ratio of the two can be as small as°10 hydrogen. This reduces the electron affinity of the ammo-
and a change by 50% in thetal intensity produced by these niym group and simulates the partial compensation produced
resonant states is e_qualem to a resonance enhancement ofhe real crystal by the oxygens of the neighbor molecule
the order of 1, which is typical, in fact, ofstrong Raman  hrough hydrogen bonding. At the same time, the oxygens of
resonances. Note also that the spectra used for R@, 6 the COOH group could be saturated with an additional hy-
taken with the nine Af-laser lines, lay in all cases within drogen to avoid one double bond to the carbon and simulate
the luminescence, and thus the scattering is never completeyrce more the hydrogen bonding to the neighbor molecule.
detuned from resonandthe spectrum taken with the He-Ne Thjs has, however, litle effect on the ground-state wave
laser is not included in the figure . function and we therefore leave this group as COOH. In this

_In the next section, we shall discuss a calculation of gnanner, a dangling bond coming from the unpaired electron
simple model defect in irradiatedalanine that can explain i, the central carbon of the molecul€H) is generated on
qualitatively these findings. the side of the molecule that is attached to the methyl group.
This dangling bond is the electronic state modeled by Miya-
gawa and Itohwith a simplified version of the orbital wave
function involving the methyl group solely. The part of the

The experimental evidence on the nature of the electronimolecule that contains the methyl group is not allowed to
defect produced by electron irradiation on single crystals ofelax its geometry in the calculation after the ammonium
L-alanine can be summarized as followig:the EPR results group has been separated. This is done because structural
are consistent with a dangling electron localized at the merelaxation should be to a great extent hindered in the real
thyl and CH groups. A simplified model for this unpaired crystal by the presence of the neighboring molecules.
electron that explains the hyperfine coupling constants obThence, the self-consistent electronic field of the molecule is
served in EPR has been developed by Miyagawa andalculated for a frozen geometry. The ground-state electronic
Itoh.%(ii) The color centers induced in the gap by irradiationwave functions are calculated by means of the Austin Model
show a density of states, as deduced from the luminescencké Hamiltonian(AM1) (Ref. 16 and the progranmopPAC ver-
with a fairly large inhomogeneous broadening, suggesting aion VI developed by Stewatf,which allows for a simulta-
myriad of possible configurations for the ammonium groupneous determination of the hyperfine coupling constants on
with respect to the rest of the moleculdi) The lumines- the different hydrogens of the molecule. The self-consistent
cence of the defects shows a resonant behavior with twelectronic field is obtained in the unrestricted Hartree-Fock

V. CALCULATION OF THE ELECTRONIC DEFECT
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NH3 ammonium group the hyperfine constants of 6, 16, and 41 G
for the three hydrogens of the methyl group as compared to
5, 27, and 43 G observed experimentally. The hyperfine con-
stant relative to the hydrogen in the CH group is strongly
sensitive to the exact position of the ammonium group, and
is thus not meaningful within this model.
Notwithstanding the correct qualitative picture, this model

methyl group F.\/

~ i

~H! i\ R‘*\ defect has to be interpreted asl@monstration of possibility
) H for several reasons. First, the saturation of the bonds to
model the effect of the rest of the structurepisr sea sim-
plification but, in addition, the exact position of the ammao-

ground state
wavefunction

nium group after the damage has been created is not known,
and possible structural relaxations of the damaged molecule
can also have an influence on the electronic structure that are
not being considered here. Note that the uncertainty in the
position of the ammonium group and the possible structural
relaxations are, in fact, needed ingredients to explain the
huge inhomogeneous broadening observed in the lumines-
cence. This is, at the same time, a source for inhomogeneous
broadening for the hyperfine coupling constants since differ-

o ent configurations will have distinct wave functions and, ac-
/ cordingly, different couplings of the spin density to the hy-
H \ drogens. As a matter of fact, we believe that the observed

o linewidths in EPR are consistent with the inhomogeneous

broadening of the luminescence. The calculation shows
gualitatively that it is, in principle, possible to have a
ground-state wave function that explains simultaneously the
EPR, luminescence, and resonant Raman signals.

FIG. 7. Two side views of the squared ground-state wave func
tion for the dangling electron in a model defect for irradiated
alanine. Note the partial overlap of the wave function with the
NH3, CH, and methyl group. This configuration displays absorp-
tions in the visible around~2.2—2.5 eV as obtained through a
configuration interaction calculation. This type of electronic state

can simultaneously explain the existence of luminescence in the \ye have shown that resonant Raman scattering and pho-
visible, resonant Raman scattering with the stretching and latticg,|  minescence provide additional useful information on the
modes and the existence of the EPR signal. Further details are givel) 5 ra cteristics of the electronic defects created by irradiation
in the text. in L-alanine. In particular, the wide diversity of modes that
18, b , . these molecules possess allows for multiple possibilities to
mode,” which is more reliable for open shell molecules with | se these vibrations as local probes for the presence of local-
unpaired electrons and situations describing bond breaking, .y electrons in different parts of the molecules. Resonant
The squared wave function of the unpaired electron in thgy;man scattering complements, in this way, the results ob-
ground state is shown in Fig. 7 for a typical separation beigineq by EPR and extends our knowledge on the nature of
tween the ammonium group and the rest of the molecule. Wg,e gefects. We have shown that the wave function of the
have picked two views of the wave functions that clearlygjecironic defect in irradiatet-alanine needs to have some
show that the dangling bond minimizes its interaction W'thoverlap with both the ammonium and methyl groups in order

the divided ammonium group by producing a partial overlapy, expiain the temperature dependence of the luminescence
of the wave function in the region of the NfAWe find that 5.4 the resonant Raman signals.

such a ground state has the following characterisfigsit

can interact with phonons that are localized either in the
methyl or ammonium groupdji) its absorption spectrum
obtained through aonfiguration interactioff calculation Special thanks are due to F. Tutzauer, R. Gludovats, C.
with a proper energy cutoff has peaks in the visible with theEggenschwiler, R. Soto, and B. Eckardt, for the construction
largest oscillator strengths in the range2.2—2.5 eV, de- and design of different parts of our experimental setup, and
pending on the exact position of the ammonium grdine  to M. Schneebelli and D. D’Avanzo for the irradiation of the
gap for the nonirradiated molecules is 7.2)&nd, (iii) the = samples. Willy Pregliasco is also greatly acknowledged for
hyperfine coupling constants in the hydrogens of the methyhis participation in the initial stage of these investigations,
group do show an anisotropy of the same order of magnitudand for a critical reading of the manuscript. E.W. thanks the
as the one deduced in Miyagawa’'s modehd measured Consejo Nacional de Investigaciones Cificai y Tecnicas
experimentally. We obtain for a particular position of the for partial financial support.
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