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FIG. 2. Pseudorhombohedral unit cell of &-NaN3 (low-
temperature phase). Also shown are the cations asso-
ciated with a conventional, face-centered-monoclinic
unit cell.

sured, and additional experiments were performed
on "old" crystals. These new data serve not only
to test the models for color centers in NaN„but
also to demonstrate the existence of an additional
defect.

A point-ion calculation for the F center in NaN3

has been reported previously. '4 In order to facili-
tate the interpretation of the new optical-absorp-
tion data, a point-ion calculation has also been
performed for the F,' center in NaN3.

The experiments are discussed in Sec. II, and
the results presented in Sec. III. The point-ion
calculation is described in Sec. IV, and is com-
pared with experiment in Sec. V, which includes
a discussion of all the centers.

II. EXPERIMENTAL PROCEDURES

Relatively thick single crystals of NaN, were
obtained from J. Sharma at Picatinny Arsenal.
These crystals were originally grown from solu-
tion at Fort Belvoir. Typical dimensions were
1 cm x 1 cm x 1 mm. The crystals were irradiated
at 77 K from 2 to 5 min with an Osram 500-W mer-
cury-vapor lamp at a distance of 10 cm using a
quartz lens.

All optical-absorption measurements were made
at 77 K with a Carey 14R spectrophotometer. This

double-beam instrument was modified by incor-
porating a matched pair of Qlan-Thompson prism
polarizers, which were coupled to rotate in syn-
chronism in order to permit polarized-optical-
absorption measurements over a wide range of
wavelengths.

An attempt was made to detect dichroism in the
plane of the crystal (polarization perpendicular to
the c axis) induced by monoclinic distortion. No
such dichroism was observed, presumably because
of extensive twinning. In fact, the crystals de-
polarized the light, as was verified by means of
a polarizing microscope.

Relatively thick crystals were mounted so that
the beam was incident on the edge rather than the
large face. With this arrangement, the light could
be polarized either parallel or perpendicular to
the c axis simply by rotating the Gian-Thompson
prisms. Irradiation at 77 K produced coloration
only in a thin layer near the surface, since NaN3
absorbs strongly in the uv. In order to distinguish
the various optical-absorption bands and to cor-
relate them with one another, the irradiated cry-
stals were subjected to a variety of annealing ex-
periments, including a series of isochronal pulsed
anneals. Successive anneals were performed at
intervals of 20 K in the temperature range 100-280
K. The crystals were warmed quickly to the de-
sired temperature and maintained at that tempera-
ture for 5 min. They were then returned quickly
to 77 K, where spectra were recorded for both
parallel and perpendicular polarizations. Pulsed
annealing measurements were also made at sev-
eral fixed temperatures in order to investigate
decay rates of a selected absorption band.

Several experiments were performed on "old"
crystals; i.e. , crystals which had been previously
irradiated and warmed to room temperature.
Corning filters 7-51 and 7-54 were employed in
conjunction with glass microscope slides in sub-
sequent uv irradiation of these crystals at 77 K.

III. EXPERIMENTAL RESULTS

The optical-absorption spectra of n-NaN, after
uv irradiation at 77 K are shown in Fig. 3 for light
polarized both parallel and perpendicular to the
c axis. The spectrum for E & c has been reported
previously by Miller and co-workers, "who at-
tributed the 735-nm band to F centers and the
610-nm band to F,' centers, as noted above.

The qualitative changes in the optical absorption
spectrum at 77 K for parallel polarization, pro-
duced by thermal annealing, are illustrated in
Fig. 4. This figure reveals the existence of a
single, asymmetric absorption band at 565 nm,
which anneals by 240 K. It is also apparent from
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FIG. 3. Polarized-optical-absorption spectrum of
NaN3 after uv irradiation at 77 K.
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Fig. 4 that a band at 450 nm is enhanced by warm-
ing to 180 K. This band, and the weaker band at
610 nm, anneal together on warming above 260 K.
These features were not apparent in the spectra
for perpendicular polarization.

In order to investigate these changes more sys-
tematically, we have endeavored to resolve the
pulsed-annealing data into component bands. Data
from different crystals were used for each polari-
zation, with the crystal for parallel polarization
more heavily irradiated, in order to insure com-
parable optical densities. Thus the optical density
for parallel polarization is enhanced by a factor of
3.4 with respect to that for perpendicular polariza-

tion. (It was established that the annealing be-
havior is qualitatively independent of initial dose
in the range of interest. ) The data consist of 22
spectra in all, 11 for each polarization, corre-
sponding to the initial uv irradiation at 77 K plus
10 annealing temperatures ranging from 100 to
280 K at 20 K intervals. Isolated bands were con-
structed by superposing five of these spectra,
with the coefficients listed in Table I. Decom-
position of the remaining spectra into combina-
tions of these isolated bands was then accomplished
by a least-squares fitting procedure. This de-
composition is illustrated in Figs. 5 and 6 for the
initial spectra following uv irradiation at 77 K, and
is summarized for all of the bands in Table II. The
resulting close fit demonstrates that to a good ap-
proximation, only five of the 22 spectra are linear-
ly independent functions of wavelength. On the
other hand, the linear transformation of the five
independent spectra into isolated bands does not
affect the quality of the fit, and was consequently
based on other criteria. These included such ob-
vious features as the 735- and 610-nm bands in
perpendicular polarization, the 565- and 450-nm
bands in parallel polarization which are evident
in Fig. 4, and the nearly isotropic 340-nm band
which remains at room temperature, together
with consistent temperature dependence of isolated
bands in both polarizations. Accordingly, the iso-
lated bands presented here are plausible but not
necessarily unique.

It is evident from the resulting decomposition
that more than five optical transitions are involved,
but the linear dependence of the spectra precludes
meaningful decomposition into more than five iso-
lated bands. The difficulty arises partly in dis-
tinguishing bands of the same polarization which
exhibit the same annealing behavior, and partly
in resolving broad overlapping bands. The former
case is exemplified by the 735-nm band, which
Miller and co-workers' attributed to the E center.

0.5
CL
O

5.0 2.5
ENERGY (eV)

2.0

TABLE I. Coefficients for the representation of iso-
lated bands as linear combinations of spectra from
pulsed annealing experiments. Spectra are identified by
their highest annealing temperature (K) and polarization,
while isolated bands are labeled by the wavelength (nm)
corresponding to their maximum optical absorption.
Normalization of the isolated bands is arbitrary.

FIG. 4. Effect of annealing on optical absorption spec-
trum for light polarized parallel to the c axis. (5-min
isochronal pulsed anneals were performed at 20-K in-
tervals between 100 and 280 K. Spectrum 1 is produced
by irradiation at 77 K, while spectra 2 and 3 correspond
to maximum annealing temperatures of 180 and 240 K,
respectively. ) The dashed curve is the difference be-
tween spectra 2 and 3, and demonstrates the existence
of an isolated band at 565 nm.
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TABI.E II. Coefficients for the decomposition of pulsed
annealing spectra into linear combinations of isolated
bands. Spectra are identified by their highest annealing
temperature (K), while isolated bands are labeled by
the wavelength (nm) corresponding to their maximum
optical absorption.
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FIG. 5. Resolution of optical-absorption spectrum into
isolated bands for perpendicular polarization.

Vfe find that this band is inextricably associated
with a band of comparable intensity at 640 nm, and
with a long tail extending to shorter wavelength.

The amplitudes of some of the component bands,
norma, lized to their initial amplitudes at 77 K, are
plotted as a function of annealing temperature in
Fig. 7. It is evident from this figure that the
735-nm band consists of two components: one
which anneals near 140 K, and another which per-
sists nearly to room temperature. Annealing of
the 735-nm band is accompanied by growth of the
610- and 450-nm bands, which subsequently an-
neal together near 260 K. In fact, the latter two
bands are always observed in the same proportion
to within the accuracy of resolution of individual
bands. These data suggest that the 610-nm and
450-nm bands may be transitions of the same
center, identified by Miller and co-workers'-as
the E,' center. The 565-nm band, which anneals
near 220 K, is clearly not associated with either
the E or E,' centers, and so reveals the existence
of an additional defect which was previously unsus-
pected. The 340-nm band in perpendicular polari-
zation is well correlated with the 735-nm band at
lower temperatures, but subsequently grows as
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the 610- and 450-nm bands decay. The tempera-
ture dependence of the 340-nm band is substan-
tially different in parallel polarization, which sug-
gests that this band is actually a composite of sev-
eral unresolved broad bands. This temperature
dependence is shown in Fig. 8, together with a
hypothetical decomposition into component ba,nds
of the same wavelength. The 340-nm band at
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FIG. 6. Resolution of optical-absorption spectrum into
isolated bands for parallel polarization.

FIG. V. Relative amplitudes of component bands as a
function of annealing temperature. Amplitudes are nor-
malized to unity at VV K.
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room temperature, which is nearly isotropic, has
been associated with internal photoelectron emis-
sion from metallic sodium', this first component
grows when the F,' center decays. A second com-
ponent with predominantly perpendicular polariza-
tion correlates with the 735-nm band, and appears
to be an ultraviolet transition of the F center. Fi-
nally, there is a third component with parallel
polarization which appears to be an ultraviolet
transition of the F,' center. Only the first two
components are observed, and in different propor-
tions, in perpendicular polarization.

Annealing of the 565-nm band was investigated
in more detail, revealing two distinct annealing
stages. Annealing data for this band are presented
in the followiag paper, "where they are correlated
with corresponding ESR data. An attempt to bleach
the 565-nm band by irradiation with 565-nm light
polarized parallel to the t." axis was totally unsuc-
cessful.

Miller' performed several experiments on old
crystals of NaN, ; i.e. , crystals which had been
warmed to room temperature after uv irradiation.
He reported that the F; band (610 nm) could be re-
established by irradiation in the 340-nm band if
the crystal were quickly returned to 77 K. On the
other hand, if the crystal were maintained at room
temperature for several hours, only the F band
(735 nm) was reestablished by irradiation in the
340-nm band. Miller interpreted these results
in terms of trapping of internal photoelectrons at
vacancies, and breakup of double vacancies to
form single vacancies at room temperature.

We have corroborated Miller's results on old
crystals, and have made some additional observa-
tions. The isolated F-center spectrum produced
in this fashion is essentially similar to the cor-
responding component spectrum shown in Fig. 5,
which includes the 735- and 640-nm bands, except
that it is broadened to the extent that these struc-
tural features are not well resolved. By using dif-

FIG. 8. Hypothetical decomposition of 340-nm band
into components at the same wavelength but with different
temperature dependence. Components 2 and 3 correlate
with the 735- and 610-nm bands, respectively.

ferent filters, it was established that the excita-
tion spectrum for reestablishing the F center does
not coincide precisely with the 340-nm band. The
effect is readily produced by wavelengths between
300 and 330 nm, while wavelengths between 330
and 400 nm are much less effective. The various
color centers were produced in an old crystal by
uv irradiation at 77 K, and the F center was sub-
sequently eliminated by heating to 175 K for 10
min. It was found that irradiation in the 340-nm
band reestablished the 735-nm band and enhanced
the 340-nm band at the expense of the 610- and
450-nm bands. Significantly, in all of the experi-
ments on old crystals, the 565-nm band was found
to be totally unaffected by irradiation in the 340-
nm band.

IV. POINT-ION CALCULATION

A point-ion calculation of the electronic struc-
ture of the F,' center was performed with the ob-
jectives of testing this model for the defect, and of
identifying the electronic states involved in the ob-
served transitions. The calculation is patterned
after that of Gourary and Adrian, "but much more
flexible trial functions were employed, incorporat-
ing many variational parameters.

The point-ion potential can be justified as a
model pseudopotential, "and the corresponding
wave function as a pseudo-wave-function from
which the true wave function can be recovered by
orthogonalizing to occupied ion-core orbitals. As
such, the point-ion potential is much more realis-
tic than the continuum model assumed by Miller
and co-workers, ' and, in particular, it preserves
the correct point symmetry. In most of the pres-
ent work, however, the point-ion potential was de-
rived from the rhombohedral crystal structure
(P-NaN, ) shown in Fig. 1, even though the F; cen-
ter is stable only in the monoclinic phase. The
higher symmetry of the defect in p-NaN, greatly
facilitated computation, and, as shown below, the
effect of monoclinic distortion is relatively slight.
No attempt was made to correct for polarization
and distortion" or ion-size effects. "

The assumed structure of the defect is shown in

Fig. 9. The point symmetry at the defect center is
C», the same as for the F center in a-NaN3
(monoclinic). Consequently, the basis functions
which were employed in a prior calculation for the
F center" could be utilized for the F,' center as
well. These functions, which are symmetry-
adapted combinations of s, p, d, and f Slater or
bitals, are listed in Appendix B of Ref. 14.

The rhombohedral unit cell of P-NaN„shown
in Fig. 1, has dimensions" a = 5.488 A and a = 38
43'. In constructing the point-ion potential, the
azide ion was represented by a linear array of
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TABLE IV. Wave-function parameters for low-lying
states of the I 2' center in P-NaN3 (rhombohedral phase).
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FIG. 9. Conformation of the F2 center in P-NaN3

(rhombohedral phase). The azide sites shown are va-
cant, and trap a single electron.

three point ions, separated by 1.17 A, with charges
of 0.714e assigned to the central ion and -0.8578
assigned to each end ion."'" The point-ion poten-
tial was expanded in spherical harmonics, I'~(8, P),
about the defect center, as indicated in Eqs.
(1)-(3) of Ref. 14. The infinite-lattice sums in
the expansion coefficients were evaluated by the
method of Nijboer and de %'ette. 23*" Qfith the
chosen basis set, only terms up to I.= 8 contribute
to matrix elements of the potential.

Energies of low-lying states of the I',' center
were calculated from the variational principle
with trial functions of the form

(A.(1', ~)= gX (I';r)C.„(1'),

where the X (I", r) are the basis functions. " The
energies E„(I') are listed in Table III, while the
corresponding optimum linear expansion coeffi-
cients C „(I') and orbital exponents g are listed
in Table Pl.

In the monoclinic phase (n-NaN, ), two alterna-
tive in-plane conformations of the E,' center can
be distinguished; these are illustrated in Fig. 10.
Since one of these retains symmetry C», it was
convenient to repeat the point-ion calculation using
unit-cell dimensions established by Pringle and
Noakes, ""4with the same basis functions. Linear
expansion coefficients C „(I'}were optimized, but
orbital exponents g were fixed at the values shown
in Table IV. The changes in the energy levels
nE„(I'} are listed in Table V, and are seen to be
of the order of 1%.

TABLE III. Calculated energies (in rydbergs) for low-
lying states of the S'~+ center in P-NaN3 (rhombohedral
phase).

-0.697 08
-0.534 82
-0.472 47
—0.629 76

FIG. 10. Alternative conformations of E2 centers in
&-NaN3 (monoclinic phase) . The conformation on the
left retains symmetry C~.
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TABLE V. Difference in F~' center energy levels (in

rydbergs) between n-NaN3 (rnonoclinic) and P-NaN3
(rhombohedral).

-6—
- 64~ -6.45

A'
A
B+
B

+ 0.001 68
+ 0.002 07
+ 0.003 09
+ 0.00643 + 0.000 83

K
LUz'
LLI

- 9.4

-8.56

V. DISCUSSION

-IQ—
4 B

The calculated energy levels and allowed transi-
tions of the F,' center are shown in Fig. 11. The
A'-A transition at 2.21 eV (560 nm) and the
A'- B transition at 3.03 eV (410 nm) appear to
correspond with the observed 610-nm and 450-nm
bands, respectively. The dashed lines in Fig. 11
show the positions of the A and B levels, rela-
tive to the A' level, which would give the observed
transition energies. The calculated and observed
transition energies agree to within 10%%uo, which is
as well as can be expected from a rigid-lattice
point-ion model. The A -A transition is strictly
polarized perpendicular to the c axis, in good cor-
respondence with the 610-nrn band. The very weak
610-nm band observed in parallel polarization
(with optical density reduced by a, factor of 15
when corrected for unequal coloration) may be a
consequence of the monoclinic structure in the
low-temperature phase. The A'- B transition
is allowed in either polarization, and in fact the
450-nm band is observed in both polarizations
with comparable optical density.

Miller' reports that the 610-nm band is actually
a cornyosite of two bands at 547 and 625 nm,
which are subject to differential optical bleaching.
He attributes these components to in-plane and
out-of-plane vacancy pairs, respectively. A pre-
liminary point-ion calculation for the out-of-plane
F,' center showed its electronic structure to be
grossly incompatible with the observed spectra.
We believe that Miller misinterpreted the data,
which can be described more consistently in terms
of a single broad band at 610 nm and the relatively
narrow band at 640 nm. Thus when bleaching of
F,' centers is accompanied by growth of F cen-
ters, the 610-nm band decays and the 640- and
735-nrn bands grow in such a manner that the op-
tical density at 625 nm appears inva, riant while
that at 547 nm is appreciably diminished.

When monoclinic distortion is taken into account,
there are two types of in-plane vacancy pairs, as
shown in Fig. 10. However, on the basis of results
listed in Table V, it seems likely that their optical

+
FIG. 11. Low-lying energy levels of the F2 center in

P-NaN3 (rhombohedral phase) . The photon energies for
allowed transitions are also indicated. The dashed lines
show the positions of theA andB levels relative to the

A level which would correspond to the observed transi-
tions at 610 and 450 nm, respectively.

spectra would be indistinguishable.
A comparison of the point-ion and continuum

models is made in Fig. 12. It is apparent that the
610-nm band actually corresponds to a 1so —2pcr„
transition in the continuum model, rather than
1scr -2pm„, a,s postulated by Miller and co-work-
ers. ' In fact, the latter transition would have
twice the optical density in parallel polarization
as in perpendicular polarization, completely con-
trary to experiment. The point-ion calculation
predicts a very strong crystal-field splitting of
the 2pm„ level, with one component corresponding
to the 450-nm band (A'-B ), as previously noted.
Thus the continuum model would appear to be mis-
leading.

The point-ion calculation predicts a second
A' -B transition, predominantly polarized parallel
to the c axis, at 0.92 eV (1350 nm). A similarly
polarized infrared transition was predicted for the
F center at 0.94 eV (1310 nm) in a previous calcu-
lation. " A search for these transitions failed to
yield any additional bands at energies above 0.72
eV (1750 nm). Presumably, the actual bands lie
still further in the infrared.

In the case of the F,' center, the data are sus-
ceptible to an alternative interpretation: It is con-
ceivable that, as a consequence of ion-size effects,
the crystal-field splitting of the 2pm„ level is ac-
tually very small, and that both A'- B transitions
are associated with the 450-nm band. However,
the F-center data are not susceptible to a similar
interpretation. If there were no crystal-field split-
ting of the continuum-model 2p level, the F band
at 735 nm would be isotropic; instead, it is found
to be strongly polarized perpendicular to the c
axis, as predicted by the point-ion model. ' Thus
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Flo. 12. Comparison of the continuum and point-yon
+

models for the F2 center in P-Naws (rhombohedral
phase). The contlnQUm-model energies are from Ref. 5.

a large crystal-field splitting wouM appear to pro-
vide the most plausible interpretation for both
centex8.

Papazian~ observed a far-infrared absorption
band at 1723 cm ' which appeax'8, from its anneal-
ing behaviox', to be correlated with the 610-nm
band. This Ulfx'Rx'ed Rbsox'pt'ion wRS subsequently
investigated in more detail by Bryant, "who em-
ployed NRN3 cx'ystals wlllch wex'8 lsotoplcRlly 8Q-
riched with NaN "NN, NaNN "N and Na "N,. On
the basis of its observed splitting and frequency
shifts, the infrared band was ultimately attributed
to triangular N„" or N, ,"in D» symmetx'y. In
an ab Atitjo molecular-orbital calculation, %right28

has shown that N, ' has a stable Secondary equilib-
rium in a singlet state with a cyclic conformation
(D») which lies 0.20 a.u. above the linear, asym-
metric tx'iplet gx'ound state. " The barriex' height
of 0.04 a.u. (I eV) above the cyclic state is ade-
quate to provide the requi. site stability. Peyexim-
hoff and Buenker, '0 who considered only singlet
states, failed to find a stable equilibrium in the
cyclic conformation of N, .

It is difficult to reconcile the observed infxax'ed
absorption with an E,' model for the 610- Rnd

450-nm bands. Papazian27 attributes the 610-Qrn
bRnd to cyclic N3, instead Gf E2'. However, cox'-
relation of the infxared and 610-Qm bands in an-
nealing does not necessarily indicate that they are
transitions of the same center; instead, one centex'
may decay by thermal ionization and the released
charges may recoIDblne Rt the other ceIltex'. As R

hypothetical example, some of the electrons x'e-
leR88d by therIDRl loQlzRtlon of E2 centex'8 IDRy
x'ecoolblne Rt cyclic N3+ centex's. TI18 remaining
electrons may neutralize interstitial Na+ ions,
thus accounting for growth of the 340-nm band
which has been associated with Na metal. '

The decomposition of spectra shown in Fig. 5

reveals that the E center has bands of compa, rable
intensity at 736 nm (1.69 eV) and 640 nm (I.94 eV),
both polarized pex"pendicular to the e axis. These
bands can be readily understood fx'om the point-ion
cRlculation xeported previously by BRrtrRm 8I, gl.
fox' the E ceDtex' in NRN3. The point symnlet1y Qf
the E ceQter ln p-NRN3 ls D3&, RDd the E band cox'-
x"esponds to R tx'RnsltloQ f1oID R IlondegenelRte g1+
state to R doubly degenerate E state with a transi-
tion energy of 2.06 8V. IQ n-NRN„ the point sym-
metry is reduced by monoclinic distortion to C»,
and the degenexacy of the E level is removed;
consequently two tx'a, nsitions are predicted, A.'-A."
at 1.82 eg and A*-8 at 1.96 eV, both polarized
perpendicular to the c axis and of comparable in-
tensity. The separation of these two bands, 0.14
8V, is somewhat less than the observed value,
0.25 87', but it should be noted that the assumed
structure of Q-NRN~ wRS based QD x-ray QleRsux'8-
ments" at -100'C.

If the splitting wex'8 RssuIDed to be R lineal func-
tion of temperature below 19'C, the predicted
splitting at 77 K would be 0.25 8V. Thus the pre-
dlctlons of the point-ion cRlculRtlon Rx'8 in good
agreement with experiment. The high-energy ta.il
and 340-Qm band associated with the E center may
cox"respond to transitions to highex' energy states
which mere not calculated.

Most of the 735-QID band was fouQd to RQQeRl

Dear 140 K, but a residue persists nearly to room
temperature, a.s shown in Fig, 7; this feature
was also noted by Millex. ' Because of its rela-
tively small optical density, it was not possible to
ascertain whether this persistent x'esidue is still
associated with bands at 640 and 340 nm, although
that was assumed in the decomposition of spectxa.
It is possible that the persistent x'esidue is asso-
ciated with E centexs perturbed by other defects
(analogous to E„cetnre)s. In support of this in-
tex'px'etRtloD the residual 735-Qm bRDd 18 8QIDe-
what broader and less completely polarized per-
pendicular to the e axis than the original band.
Further discussion of the residual 735-nm band,
and the newly discovered 565-nm band, are de-
fexxed to the following paper, "whexe correlations
with ESR spectxa are presented.

IQ summaryy optlcRl-Rbsox'ptlon measurements
fol llgllt polarized pRrR1181 to the c Rxls provide
additional information about the electronic struc-
tuxe of x'adiation-induced defects which, together
with a point-ion calculation, support the E, -cen-
tex model, but x'efute the interpretation of its
electx'onlc stx'uctux'8 bRsed Gn R contlDuum-IDodel
calcula, tion. The observed polax'ization and split-
ting of the E band supports the interpretation based
on a point- ion calculation fox' the E center, as well.
The absorption band at 565 nm, polax ized parallel to
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the c axis, reveals the presence of a new center,
previously unsuspected.
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