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Photoelectron spectroscopy of C  ;Si and C,Si, anions

Gustavo E. Davico, Rebecca L. Schwartz, and W. Carl Lineberger®
JILA, University of Colorado and National Institute of Standards and Technology, and Department
of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0440

(Received 21 February 2001; accepted 3 May 2001

The 364 nm photoelectron spectra of the lineaBiC and GSi, anions are reported. Accurate
adiabatic electron affinities are determined: (B\C;Si)=2.827+0.007eV and EAC,Si,)
=2.543+0.006 eV. Several vibrational frequencies for both neutral molecules are also obtained.
The term energy for the first linear excited state gsQeither'A or 13) is 0.274-0.015 eV. For
C,Si,, the term energy is substantially lower than igBCand vibronic interactions between the two
states become stronger. Experimental results are compared with higladewdio calculations for

C,Si (see Rintelman and Gordon, following papand with our own calculations for Si, and its
anion. © 2001 American Institute of Physic§DOI: 10.1063/1.1380713

I. INTRODUCTION were reported, but the adiabatic electron affinities could only
be estimated, due to limited instrument resolution.

A more complete understanding of the reactivity and  Calculations by Hunsicker and Joh&socused on the
electronic properties of silicon carbide and oxygenated silisame group of clusters, obtaining VDES, geometries, fre-
con carbide surfaces at high temperatures is a subject of cuuencies, and energetics of different isomers for both the
rent fundamental and applied interest. Our group addressesmion and neutral species. Their results were in agreement
this issue through the stuti§of small, mass-selected silicon with the experimental results of Nakajinea al}? Two addi-
carbide cluster anions. Photoelectron spectroscopy of thes@nal studies from the Kaya group calculated various param-
anions gives information on the electron affinity as well aseters for the SiC and SiG, species*'®*A number of calcu-
the neutral electronic state ordering at the geometry of theations have also been performed on them=4-6 clusters
anion; these data provide a very useful guide for electroniat various levels of theory? 28 These studies have predicted
structure calculations of finite SiC clusters. It is this aspecigeometries, frequencies, energies, and, in some cases, IR in-
that motivates the present collaboration involving our experitensities.
mental investigations and high-level electronic structure cal-  The difficulty of such calculations is well exemplified by
culations of small SiC clustefs! From the point of view of an examination of the conclusions for one of the smaller
basic chemistry, these clusters are of interest because silic@iusters, GSi. The ground state {Si surface exhibits mul-
and carbon belong to the same group in the periodic tableiple low-lying minima, and both their relative energies and
but have dramatically different bonding properties. The dif-the identity of theglobal minimum have been found to be
ference is due to the tendency of carbon to form higher ordestrongly dependent on the basis set and theoretical method
bonds while silicon tends to form multidirectional single employed. There is general agreement that the two lowest-
bonds. These properties contribute to substantial differenceging states are a singlet rhombic structu@,() and a trip-
between the geometries of large silicon and carbon clusteret form. Nakajimaet al. report calculations showing the
Silicon carbide clusters have also been of interest because giombic form to be the lowest in energy by 0.3 ¥®\Other
their astrophysical importance. Cyclic Si@nd SiG and  calculations by Hunsicker and Johg§ind these two states
linear SiC, have been detected in circumstellar metiia.  to be nearly degenerate, with the linear state form lying 0.01

There has been a great deal of interest in silicon—carbogV higher. An earlier study found that the rhombic geometry
clusters throughout the past decade. Bathinitio calcula-  js more stable by only 0.18 €¥.However, Rintelman and
tions and anion photoelectron spectroscopy experimentSordorf have undertaken high levab initio calculations on
have been used to look at many different clusters of varyinghese two states, and their results indicate that the ground
size and composition. Pure silicon {S1=3-7) and carbon state of GSi is in fact the linear’s ~ state, and théA,
(Cn,m=2-11) clusters have been extensively studied vidhombic state lies 4.4 kcal/mole above the linear configura-
anion photoelectron spectroscopy experimé&nts.While  tion. This investigatioh provides the clearest computational
most studies on mixed L, clusters have focused on one or evidence to date concerning the global minimum, and indi-
two specific clusters, there has been some work that hagates that the linear geometry with a terminal Si atom is the
looked at a large group of clusters. Nakajietaal. reported  global minimum. Even that calculation, however, does not
an extensive study of various,§l,, anions using photoelec- vyield clearly converged energies for the low-lyimgcited
tron spectroscopy: Vertical detachment energie®DES)  states of GSi. Further complication is added when it is ap-
preciated that the only experimental observations ¢&iC
aAuthor to whom correspondence should be addressed. Electronic maif@ve been of the rhombic configuratid.*There is a sub-
wcl@jila.colorado.edu stantial body of astronomical observational data fQfSiC
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many rotational transitions have been obser/8tibsequent 300 T T . . . . .
laboratory work has investigated,®l in a supersonic expan- _ A

sion with a Fourier transform microwave spectrometer and in® C-C-C-si

a low pressure dc glow discharge with a free space§
millimeter-wave absorption spectromet&r?! The fact that & 20
only the cyclic form has been observed experimentally could §

be taken as an argument that the cyclic form is lowest in%
energy.

In this paper, we report the photoelectron spectra of sev-
eral G ,Si,, anions with then+ m=even structure, £&5i~ and
C,Si, . The anions are expected to be linear, with terminal Si
atoms). In analogy with silicon and carbon clusters, these
species are expected to have electron affinities greater tha 33 32 31 30 20 28 27 26 25
the neighboringn+m=odd species. Several properties of Electron Binding Energy (eV)
the neutral were obtained, including adiabatic electron affini-
ties, a few vibrational frequencies, and term energies for th&!G: 1. The 364 nm photoelectron spectrum oS taken at room tem-
first excited electronic states. We also observe8iCin the perature(solid ling). The simulated spectrum for t_ﬁ& ground state cal-

- . ’ culated at the MP2/aug-cc-pVDZ level and by using a Franck—Condon rou-
mass spectrum; however, the ion beam intensity and thgne is also plotteddashed ling
complexity of the spectrum prevented us from obtaining a
useful spectrum for this species.

100

Photoele

3P, 2Py, transition in the O spectrun?* The apertureless
nature of the analyzer allows for the possibility of a small
Il. EXPERIMENT electron energy scale compression. This compression factor
(~1%) is obtained by measuring the positions of six well-
Iér]own transitions in the W photoelectron spectrufi.
A half-wave plate placed just before entrance to the
build-up cavity can rotate the laser polarization, allowing
termination of photoelectron angular distributiérinless
otherwise noted, all spectra are recorded with the laser po-
ggrization oriented at the magic anglg4.79 relative to the
electron detection direction, such that photoelectron signal is
independent of the angular distributi&hTo determine the
asymmetry parametép), spectra are collected with the laser
polarization paralle(0°) and perpendiculaf90°) to the pho-
toelectron collection direction, using the expression

The details of the negative ion photoelectron spectrom
eter and the general experimental procedure have been d
scribed previousl¥,only a brief overview is given here. Sev-
eral G,Si, anions are synthesized in a flowing afterglow
apparatus by the use of a cold cathode discharge. The ani
source has been described in detail previotsfyBriefly, it
operates by sputtering clusters from a cathode with a dc di
charge in a flowing afterglow source with a mixture of 10—
15% of argon in a helium buffer gas. The,8i, anions are
produced when Af is accelerated towards the negatively
biased cathode, a silicon carbide r@oodfellow) that is 50
mm in length by 5 mm in diameter. The typical cathode
voltage is 2300 V with respect to the grounded flow tube. lo—1lg0
Currents of a few picoamperes of mass selected anions were B=
produced during our experiments and were very dependent
on the ion stoichiometry and flow tube temperature. In roomwherel, andl oq are the peak intensities taken at 0° and 90°,
temperature experiments, the ions have a vibrational tenrespectively?®
perature of~300 K following collisional relaxation with the Ab initio calculations were carried out for the electronic
buffer gas. Whenever possible, spectra were also collectegtound states of the anions and the ground and first excited
with the flow tube cooled by liquid nitrogen, which lowers electronic states in the neutral species usinghessIAN 98
the vibrational temperature to approximately 180 K. suite of programé’ Geometry optimizations and frequency

Upon extraction from the flowing afterglow tube, ions calculations were performed at the MP2/aug-cc-pVDZ level
are accelerated to 735 eV into a low-pressure region antbr C;Si, while the hybrid density functional theofDFT)
mass selected by a Wien velocity filter. The mass selectethethod B3LYP with the aug-cc-pVDZ basis set was used for
beam is further focused and then decelerated to 38 eV pridt,Si,. A slightly modified version of the Franck—Condon
to entering the laser interaction region where the ion beam iprogram CDECK was used to determine the spectra based
crossed with the 364 nm line of an argon ion laser in aupon the calculated anion and neutral geometries and har-
build-up cavity with~100 W of circulating power. Photo- monic vibrational frequencies.
electrons ejected into a small solid angle perpendicular to the
ion and laser beam are focussed into a hemispherical enerdly. RESULTS AND DISCUSSION
analyzer and detected by a position sensitive detector with an .
overall resolution of~10 meV. Energies of transitions be- ~~ ° ]
tween the anion and the corresponding neutral are detef SPectra and assignment
mined from the difference between the photon energy The 364 nm photoelectron spectrum ofSC obtained
(3.408 14 eV and the measured electron kinetic energy. Theat the magic angle orientation is displayed in Fig. 1. H&
absolute energy scale is calibrated by the position of th@pA C;Si~ current diminished further upon cooling the flow

l 1
slot1g0
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tube, and we were unable to obtain a useful cooled ion photABLE |. Peak positions and assignment for thgSC photoelectron
toelectron spectrum. The spectrum shows three intense fe§Recrum

t_ures(peaksA, H, andl) and two sequences of weak transi- Binding energy  Splitting from

tions (each spaced-130 cm 1) built off of intense peak®\  Peak ev origin (cm™%) Assignment
apdl_. In addlt.lon, there is aI;o a very smaII. feature at onv 5 629 1600 Transition between
blndlng energies thgt we attribute to a transition from a dif- nonlinear isomers
ferent isomer of GSi~. The general shape of the spectrum of C;Si (see text
suggests that the detachment occurs with little change in ge-

- N0
ometry, as indicated by the lack of extended vibrational pro ;:22; 23% 325200
gressions. Moreover, the spectrum shown in Fig. 1 is very 2.872 370 5%
similar to that reportetifor the linearC, anion, suggesting D 2.890 510 54
that GSi~ is also linear, in accord with calculatiof&®®%> E 2.905 630 53
Thus peakA is assigned as the 0—0 transition from the linear” 2.921 760 5§
anion to the linear ground state of ;&, yielding g'ggg 1328 ig
EA(C;5Si)=2.827+0.007 eV, in agreement with the VDE of ’ 0
2.86 eV and the 2.81 eV adiabatic electron affinity, as calcut 3.101 0 'Aor's*tog
lated by Hunsickeet al!® and Gomeiet al® J 3.156 440 5§
K 3.172 575 54
L 3.188 703 53

2. Analysis

As with the analogousC, anion, linear GSi~ is ex-
pected to have a ?[1 valence electron configuration. This
configuration is also supported by our own and several othesame IT symmetry’ While this mixing is almost surely
ab initio calculationst®>'>1¢2°Detaching a valence electron present, this mode can also gain intensity from the small
generates> * (detaching the unpaired electiprs ~, A, Renner—Teller effect present in the anidnthe experimen-
and!> " states. Since all of these states arise from detachintal frequency of this skeletal bending mode is 3% cmi %,
an electron of the same orbital symmetry, the photoelectroin agreement with the 130 c¢m frequency calculated by us
angular distributions will be similar for all of these transi- and by several othefs:*>1>16The assignments for these tran-
tions and cannot be used to identify the final states. Thaitions are summarized in Table I.
photoelectron angular distributions observed for all intense  Several other observations also argue strongly in favor
transitions exhibited an anisotropy parameferof —0.6,  of the linear configuration. Among the low-lying geometries
consistent with detachinga electron from GSi~. With this  corresponding to local minima, only the linear configuration
information we can utilize our single determinaath initio  hasany vibrational frequency calculated to be less than 250
structure and frequency calculations for & anion and the cm 1. The two observed totally symmetric vibrational fre-
33~ neutral to simulate the photoelectron spectrum, providquencies are in excellent agreement with those calculated for
ing a rigorous test of the assignments. This simulation agreethe linear SiG neutral, and they are very difficult to recon-
very well with the experiment, with respect to both the vi- cile with other geometries. Specifically, the observed high
brational frequencies of the neutral that are observed upofiequency C—C stretctil980 cm ') agrees with that calcu-
electron detachment and their intensity, the latter being a tesated by Albertset al!® (2037 cm'?), Gomeiet al® (2003
of the magnitude and nature of the geometry changes upcem 1), and with the elaborate calculation of Rintelman and
electron detachment. PeasandH arise from transitions to  Gordorf (2003 cm %). None of the calculations for the rhom-
vibrational modes with frequencies of 13200 and bic forms predicts*®!a vibrational frequency that is nearly
1980+20 cmi !, respectively(see Table)l These observed this large.
values correspond very closely to the frequencies of the to- Additional support for the linear configuration comes
tally symmetric 1,3 C—C stretch and C—C stretch modes calfrom electron affinity calculations carried out by Gomei
culated by Rintelman and Gordbior the 33~ state. The et all® at the CCSIDT)/aug-cc-pVTZ level. They predict the
only other totally symmetri€és) mode, a Si—C stretch, shows electron affinity of the linear form to be 2.81 eV and that of
little geometry change upon electron detachment and indeettie rhombic form to be 1.88 eV. Our 2.827 eV experimental
is not observed in the photoelectron spectrum. Thus the maletermination is in much better agreement with a linear
jor features in the spectrum are in complete accord with linform. Given that both vibrational frequencies and electron
ear anion and neutral geometries. affinity calculated for the linear form agree well with obser-

As seen in Fig. 1, there is also a progression of weakvations, and similar calculations for the rhombic form do not
peaks B—F), transitions to the high binding energy side of agree, the assertion that the observed transitions arise from a
peakA, spaced by-~130 cm . These peaks arise from tran- linear anion is likely correct.
sitions to nontotally symmetricr symmetry, bendingvibra- Having assigned pealsto H, it is clear from Fig. 1 that
tional modes, transitions forbidden in the Franck—Condorpeakl is the 0—0 transition to the first excited state of linear
approximation and thus absent in our simulated spectrunCsSi, lying ~6.3 kcal/mol above the ground state. Bdth
Similar transitions were observed in the carboj), Ghoto-  and'S states are expected to be low-lying, and transitions to
electron spectra, and Neumark proposed that they obtainegither state should exhibit intensity comparable to the ground
intensity from mixing with a low-lying electronic state of the state transition. While a first expectation is that tdestate
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should be the lower, our experiments cannot distinguish be- ' ' i ' ' ' T
tween these alternatives; indeed the broadness of this pee ,,| Ssi-C-C-C-C-Si” A
and the lack of full vibrational assignments means that “peakf’é
I” could even represent two nearly degenerate electronic2
states. Calculations have not yet provided a firm identifica-©
tion of this transition. Employing a 6-31@) basis set, Rin-
telman and Gorddhcalculate thé A state to lie 6.6 kcal/mol
above the®S ™ ground state, and th&, " state to lie 10
kcal/mol above the ground state. This result agrees well withg
our measured 6.3 kcal/mol excitation energy and argues for i
A assignment for peak However, Rintelman and Gordon
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carried out additional calculations with an aug-cc-pVDZ ba- o : . . : f\ . \
sis set, primarily because they could then employ a consis: 32 31 30 29 28 27 26 25 24
tent basis set for both anion and neutral species. While the Electron Binding Energy (eV)

addition of diffuse functions might not be expected to make _
bstantial difference in the neutral state energies. the FIG. 2. The 364 nm photoelectron spectrum Q8¢ taken at 180 K(solid

a su i n 1 X 9 ! %ﬁe). The calculated spectrum for tA8 ~ ground state is shown as a dotted

latter calculation$show the'S, ™ andA states lying 9.3 and |jpe.

10.6 kcal/mole above the ground state, respectively. It ap-

pears that the excited state calculations are not yet suffi-

ciently well converged to assist in the identification of thecssi— has been identified. Our experiments cannot resolve
electronic state associated with pelakn any event, peaks ihis issue.

J-L are similar to peak8—F in the ground state, corre- The 2.63 eV adiabatic detachment energy that we ob-
sponding to transitions to nontotally symmetiending vi-  gerve for the ring form is plausible, given that Gomei's cal-
brational rrlczdes within this state, with a frequency of o ations suggest that the ring anion lie§.6 eVabovethe
140+25 cm * (Table ). linear anio® and the new calculations by Rintelman and
Gordorf place the cyclic neutral about 0.2 eV above the
linear form. Since the 2.827 eV electron affinity of the linear
The presence of a low-lying electronic excited state ofform is unambiguous, these values would predict a value of
C,Si™ is suggested by the presence of the weak peakn ~2.5 eV for an adiabatic detachment energy of the cyclic
the spectrum seen in Fig. 1, especially when combined witfiorm of C;Si, comparable to the 2.63 eV determined as the
the GSi~ observations of the Kaya grodpThey employed binding energy of the most intense component of paak
a laser ablation ion source, one that could readily be exWe cannot claim this value to be the adiabatic detachment
pected to initially produce more excited anions than our higtenergy with certainty, but it is definitely the vertical detach-
pressure sputter ion source. They reffoa weak, broad ment energyVDE) for this form of the anion. There appears
structureless band in the;8~ photoelectron spectrum, ex- to be a vibrational progression with a frequency 6800
tending from an electron binding energy ofL.7 eV up to  ¢m * built off of peak AA, but this information, even
the intense featurgpeakA) reported here. They shdfthat  coupled with the accompanying neutral calculatibiis not
the intensity of this broad feature depends upon ion sourcsufficient to definitively identify the isomer associated with
conditions and corresponds to an anion thateiss stable peakAA. Clearly, high levelab initio calculations on the
than the linear anion. They attribute this band to transitiong@nion structures will be necessary to assign definitively the
from a planar ring form of the anion(a 281 state  origin of the low binding energy spectral feature. In addition,
calculated®*® to lie ~0.6 eV above the linear fornto the  we note that these studies provide no direct information as to
correspondindA, state of the neutral. It is possible that the whether the linear or cyclic form of (i lies lowest in en-
weak peakAA that we observe at a binding energy-e2.63  €rgy.
eV arises from a vibrationally cooléB, cyclic anion. While
some low-frequency vibrational modes appear to be prese
the quality of the spectrum discourages an analysis morée’
detailed than a report of the binding energy corresponding to  The sputter ion source produced a sufficiently intense
peakAA, and attributing it to a ring—ring transition. beam of GSi, so that it was possible to obtain a photoelec-
The binding energy of the major feature attributed to thetron spectrum with the flow tube cooled to 180 K. The re-
linear state reported by Nakajimet al!? agrees well with  sulting magic angle photoelectron spectrum QB is de-
our results. The binding energy that we obtain for the ringpicted in Fig. 2. The spectrum presents a well-resolved
form (2.63 e\) is considerably higher than that reported by progression of peaksAH). The electron affinity is readily
Nakajimal? but they observe a very broad, flat, weak featureassigned to the largest peak, labefedas 2.543-0.006 eV,
extending from 1.7 eV to 2.8 eV, with no clearly assignablein agreement with a calculated vertical detachment energy
components. However, close inspection of the broad featur2.59 e\*® A photoelectron spectrum of this ion has been
in their spectrum shows what may possibly be the peak  previously obtained by Nakajimet al.? who extrapolate an
that we observe. This may be the electron affinity transitiorEA of ~2.38 eV from their less resolved photoelectron spec-
in their broad feature, or it may be that a third isomer oftrum. Table Il lists the peak positions of peaksH.

3. Anion isomers

C.Si,
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TABLE II. Peak positions and assignment for thgSG; photoelectron spectrum.

Binding Splitting from Splitting from excited
Peak energy, eV  origin (cm %) origin (cm™ %) Assignment
A 2.543 0 3% (v=0) < 2 (v=0)
B 2.652 0 A IS (v=0) « 2[I(v=0)
C 2.691 1200 3% " (vp,=1) < 2MI(v=0)
D 2.738 695 A T (vg=1) « 2lI(v=0)3
E 2.774 1870 3% " (v;=1) < 2I(v=0)
990 +1A,33 (v,=1) — I (v=0)
F 2.873 1790 A (v=1) « 2I(v=0)
G 2.928 3110 3% (v1=1,v,=1) < 2I(v=0)
H 3.005 2850 A (v1=1,v,=1) « 2lI(v=0)

Alery tentative assignment. See text for details.

There is considerable evidence that this spectrum arises We could only calculate th& * state by using a single
from photodetachment of a linear, silicon-terminated aniondeterminant wave function; this procedure is clearly incor-
producing a Si¢Si neutral. This evidence includes the fol- rect, but it may not be too bad an approximation if all of the
lowing: the resemblance of this spectrum to th§SIC spec-  states arising from the valence configuratidn-, A, and
trum; our own as well as earlier theoretical restift$>3*and 'S ™) have fairly similar geometries. This approximation was
data from FTIR studie¥ Moreover, all this evidence also used to obtain vibrational frequencies and geometry changes
suggests that the silicon atoms are located at the ends of the simulate the first excited state portion of the spectrum.
chain. This last result should be expected on the basis th&/hen pealB was set as the origin, the agreement with peaks
silicon atoms do not have the tendency to form multipleE, F, andH is good, especially considering the crudeness of

bonds, while the carbon atoms do. the model for an excited state. The active vibrational modes
All available theoretical results, including our own cal- are the same ones active in the ground state spectrum.
culations, predict the ground state 0fS3, to be a lineafs, ~ PeakD is the only one that is not predicted by our simu-

state. The simulation for this state obtained by using thdations. Since its position does not match any of the totally
B3LYP/aug-cc-pVDZ method is also shown in Fig. 2. All symmetric modes in either the ground or excited state, we
vibrational frequencies were scaled by a factor of 0.95, proeonclude that it could be either a non-Franck—Condon al-
ducing good agreement with the two infrared activeand  lowed transition to a 700 cit mode of 33~ C,Si,, or a

vs modes (but inactive in the photoelectron spectrum@t  transition to another excited statgSi, .

1807.4 cm?! and 719.1 cm? detected by Presilla-Marquez Transitions arising from vibronic coupling were ob-
and Graharif by FTIR. As seen in Fig. 2, the simulation served in the €Si~ spectrum(and may also be present in
predicts the position and intensity of peaksC, andE rea-  Fig. 2 as the small peaks observed between péadsd B),
sonably well, but other major peakB, D, F, andH) are  but other modes would be expected to be even more intense
absent from the simulation. There are only three totally symin the GSi; spectrum due to the enhanced vibronic coupling
metric modes in the neutral, and, based upon the calculategtising as a result of the reduced excited state excitation en-
geometry changes, we expected to see only the two modesgy. Recently, we have observed the same kind of interac-
that are observed. Accordingly, we believe that the peaksion in alkoxides®® No calculated vibrational frequency in
present in the spectrum but absent from the simulation aristhe ground state matches th#e-D separation; however,
from transitions to a different electronic state. The first missthere is ao, mode in the first excited state, 690 ch(0.95

ing peak in the simulation is pedk There is no vibrational scaled, as were all other frequencies in this $tatleat
mode of any symmetry that can match pe&kthe second matches thd&—D separation, 695 cit. Thus, pealD might
most intense peak in the spectrum; thus we assign this pealise from vibronic coupling producing activity in this mode.
to the 0—0 transition to the lowest linear excited state ofHowever, we cannot exclude the possibility that the transi-
C,Si,, with a term energy of 0.1100.004 eV. The nature of tion arises from another excited state. We hope that these
the first excited state cannot be established from the experiesults will stimulate high leveab initio calculations that
mental data alone. As before, the polarization dependence @fill help to discern between these alternatives.

the spectra does not help to distinguish between these states,

although the_ data are consistent with detaching an e_IectrOR/_ CONCLUSIONS

from an orbital of w symmetry. As was the case for linear

3%~ C5Si, the first linear excited state is expected to be ei-  The photoelectron spectra of;8~ and CSi, have
ther a'A or alS™ state. Based upon this assignment, thebeen obtained at a resolution of an order magnitude better
remaining unassigned pealf3, F, andH) can be assigned as than reported previously, providing significantly more accu-
vibrations associated with the excited state, with frequenciegte electron affinities and vibrational frequencies. We ob-
as shown in Table II. The remaining issues for these assigrserve transitions corresponding to both linear and cyclic
ments concern whether the observed frequencies and inteferms of GSi~, but the experimental data alone cannot de-
sities are compatible with either state. Thus we undertook tdinitively establish whether the global minimum on thgSC
model transitions to these states. surface is at the linear or the cyclic configuration.
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