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Photoionization spectra of the titanium and zirconium metallocarbohedrene clusters (Met-Cars) of the
stoichiometry T§—.ZrCy2 (x = 0—4, 8) have been investigated near threshold. Study of the photoionization

efficiencies of these species at different photon energies led to a determination that the ionization potentials

(IP’s) for the titanium and zirconium Met-Cars,gCh, and ZgC;,, are 4.40+ 0.02 and 3.95+ 0.02 eV,

respectively. The IP’s for the binary metal Met-Carss—JZr.Ci2 (X = 1—4), were also determined, and it
was found that the IP decreases continuously from that of the pure titanium Met-Car toward that of the pure
zirconium Met-Car as the number of substituting zirconium atoms increases.

I. Introduction TABLE 1: lonization Potentials (eV) for the Titanium,
Vanadium, Zirconium, and Niobium Met-Cars?

TigCr2 VsCiz ZrgCq2 NbgCi1o ref

Ever since the discovery in our group of metallocarbohedrene
clusters (or Met-Cars for short), which are exceptionally stable

species with the stoichiometry §@:» (M = Ti,1 V, Zr, Hf,2 Theoretical Calculations

Nb3 Cr, Fe, Md) or Tis_xMyC1> (M = Zr, Hf,5 Y, Nb, Mo, Sy$metry 6.0 "

Ta, W, and Si), many experimentql and thgoretical studies " 533 5.92 4.89 13
have been conducted to explore their properties as a new class 5.92 14
of material. Among them, determining their ionization potentials 5.4 15

(IP’s) and electron affinities contributes to an understanding of Ta 4.5 15

4.37 5.53 3.99 16

their electronic structurésin addition, knowledge of their IP’s ADAGG S 42410 c& 17

is important to elucidate the unique feature of the observed

delayed ionization of these specfed! Furthermore, comparison thod Experimental Measurements

between theoretically predicted and experimentally measured ™5 —6.82 18
IP’s prov.ides a good test for both types of investigation, which cID ' <6.74 19
hence bridges the gap between theoretically constructed pictures pj 49402 >576 >576 >5.76 20

of Met-Cars and experimental observations. . , -
. . . . aUnless noted, theoretically calculated IP’s are not specified to be
Results of previous theoreti¢at!’ and experimentét2° either vertical or adiabatic in the referencéd/ertical IP’s. ¢ Adiabatic
studies of the IP’s of pure metal Met-Cars are summarized in |p’s. ¢ CID: collision-induced dissociation. PI: photoionization. See
Table 1. The upper part of Table 1 contains two groups of text for details.
calculated IP’s; one for Met-Cars of a pentagonal dodecahedral
cage structure witT, symmetry first proposed by our grodip,  These upper limits were determined on the basis of observation
and the other for those of a tetrahedral cage geometry Tyith  that, as a result of dissociation of the®},* ion, the positive
symmetry, which was predicted by Dance to be the most stable charge is carried by the Met-Car instead of the evaporated atom,
structure?! Considering these predicted numbers, it is found that i.e., MgC12™ — M + MgCy2". This result implies that the IP of
the two types of Met-Cars have significantly different IP’s. For the Met-Car is lower than that of the metal até?
instance, for the titanium Met-Car, the IP has been calculated A more straightforward method to determine the IP’s, i.e.,
to be equal to or greater than 5.3 eV foy-symmetry Met- photoionization spectroscopy, was employed for Met-Cars by
Cars whereas it has been predicted to be equal to or less thaBrock and Duncag? They obtained 4.9= 0.2 eV for the IP of
4.7 eV forTg-symmetry Met-Cars. A similar trend is found for  the titanium Met-Car. For vanadium, zirconium, and niobium
the zirconium Met-Car although the number of the calculations Met-Cars, it was concluded that the IP’s exceed 5.76 eV, which
is fewer. Therefore, this suggests that, by measuring the IP’'swas equal to the highest photon energy available with their
of the Met-Cars experimentally, progress may be made toward photoionization laser setup. However, the values of the IP’s were
answering the controversy about the geometric structure of Met- determined indirectly by studying the dependence of signal
Cars, which has been discussed for several years2+36 intensities upon the power of the ionization laser employed in
As for experimental studies about the IP’s of the Met-Cars, their study; photoionization efficiency (PIE) curves near thresh-
only very limited investigations have been conducted. Two of old, which are commonly utilized in IP measurements, were
them involved study of the collision-induced dissociation of notinvestigated. Therefore, the disagreement in Table 1 between
MoCio™ (M = Ti, V) and demonstrated that the IP for the the prior experimentally measured and theoretically predicted
titanium (or vanadium) Met-Car is lower than the IP of a IP’s does not necessarily mean the accuracies of the theoretical
titanium (vanadium) atom (6.82 eV for Ti and 6.74 eV for V). calculations were insufficient.
Stimulated by the inconsistencies between the theoretical and
* E-mail address: awc@psu.edu. experimental values, we recently conducted a photoionization

10.1021/jp983287j CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/26/1998



lonization Potentials for Ti and Zr Met-Cars J. Phys. Chem. A, Vol. 102, No. 51, 19980487

Metal Rod

To Reflectron
and Detector

'
Vaporization \
Laser Beam

Deflection Rod

M

Figure 1. Schematic of the experimental setup: cluster source, °,
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spectroscopy study of the pure and mixed titanitzinconium v
Met-Cars to determine their IP’s with a more direct approach. . . ) . .
The objective of this paper is to present the measured PIE -2
spectra and IP values deduced from the experiments. In addition, 3 4
the discrepancy between the IP’s determined in the present study LOG (L -2

e aser Fluence /uJ cm
and those by Brock and Duncan is discussed. The measured o ( H ) _
IP's are compared with the theoretically predicted values, and E‘gr”;et Za- pm‘:éz'oé‘éar‘g;”OLaZesrgpZv\ge(’zf;%pﬁpn‘;efgﬁetﬁé tr;henlg('e’\"beé'tween
are also ratlc.)na'llze.d with a recent finding by our group about 0.070 and 1.8 mJ cm. The dashed line represents the slope for linear
the delayed ionization of Met-Cars. dependence.

-
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Il. Experimental Section an excimer laser (308 nm, Lambda Physik EMG 201 MSC),
The apparatus used in this work was a time-of-flight (TOF) accomplished ionization of the neutral clusters in a constant
mass spectrometer coupled with a laser-induced plasma reactoelectric field of about~740 V/cm. This field was established
as a cluster source and a dye laser for photoionization (Figurebetween the TOF ion extraction grids, utilizing an arrangement
1). A plasma reaction was induced in the presence of a gas jetwhere the electric field was perpendicular to the neutral cluster
by impinging a strong laser beam of 532-nm light from a Nd: beam. In the present study, several laser dyes were used to cover
YAG laser (Spectra Physics GCR-150) focused by a lens of the range of photon energy from 3.9 to 5.6 eV. The ionized
70-cm focal length onto a metal rod of 6.35 mm in diameter. clusters were then analyzed by a reflectron TOF mass spec-
The gas jet, which was composed of a mixture of methane (15%trometer, followed by chevron microchannel plates (Galileo)
in volume) and helium, was ejected from a pulsed valve (General for ion detection. The ion signal was amplified, averaged with
Valve 99-43-900; a modified version of a standard General 3 CAMAC data-acquisition system, and recorded on a PC. Each
Valve Series 9 with a short pulse durafignoperated at an  spectrum was obtained through data accumulated for 2500 or
absolute stagnation pressure of about 700 kPa. The laser powes000 laser shots in a constant experimental setting. The timing
employed for vaporization in the present experiments was setof the vaporization and ionization lasers, the pulsed valve, and
so that a dominant Met-Car peak was seen in the mass s&ctra; the motion controller for the metal rod was synchronized by a
a detailed description is given later in this section. A fresh metal myitichannel trigger generator operated at a 30-Hz repetition
surface of the metal rod was exposed on each laser shot by &ate. During operation, oil diffusion pumps maintained the
rotational and translational motion controller. Mixed metal Met- ,5cuum at about & 102 Pa in the cluster source chamber
Cars were produced with alloy rods (The Metron Group) of anq pelow 5x 1074 Pa in the ionization/mass spectrometer
titanium and zirconium. To produce mixed metal Met-Cars of .pamber.
various stoichiometry, alloy rods of 9 or 15% molar ratio of
zirconium content were used. The vaporized metal atoms and
the gas from the valve were mixed in a cylindrical “waiting
room™:40 of 3-mm inner diameter and 10-mm length, in the
cluster source body, which was made of Teflon, where plasma-
induced dehydrogenation of methane molecules, followed by
formation of metat-carbon clusters, took place.

The fluence of théonizationlaser was maintained sufficiently
low so that single-photon excitation processes dominated. This
was established by monitoring laser power dependence of the
peak intensity of the Met-Cars about every 0.1 eV above the
IP’s to verify linearity (Figure 2). The linearity was usually
assured in the power range of up to about 1.5 mJZrRor

The clusters of both neutrals and ions were ejected from the PIE measurements, the fluence was maintained typically in the

waiting room through a conical nozzle, resulting in a supersonic fange of 408-800J cnm® for sufficient peak intensities.
cluster-beam expansion in vacuum. To investigate only neutral As mentioned above, the power of theporizationlaser for
clusters, an electric potential of aboti200 V dc was applied ~ cluster formation was set so that the Met-Car peak was
to a metal rod located parallel to the cluster beam at a distanceprominent. In our previous study of the titanitroarbon cluster

of 10 mm so that all initially charged species were deflected system, it was established that the mass distribution of th&€Ti
out of the neutral beam path. The neutral clusters then enteredclusters is highly dependent on the power of the vaporization
the second vacuum chamber after passing through a skimmetaser for cluster formation, and more importantly that the
of 2-mm opening. Irradiation of ultraviolet light from a dye titanium Met-Car, TiCi,, is dominantly produced when the
laser (Lambda Physik FL 2001, about 10-ns pulse duration) vaporization laser power is sufficiently highSimilarly, it was
equipped with a BBO frequency-doubling crystal, pumped by found during the present study that the zirconium and titarium
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Figure 3. Photoionization mass spectra of (a) neutral zircorium
carbon and (b) neutral titaniuazirconium—carbon clusters. The data
were smoothed without losing primary features. In (a), the designation
(m, n) stands for the Met-Car of Z€C,. The ionization photon energy
and laser fluence were 4.20 eV (295 nm) and 0.67 mJ?cm
respectively. In (b), X, y) stands for the Met-Car of J4r,Ci». The
ionization photon energy and laser fluence were 4.59 eV (270 nm) and
1.2 mJ cm?, respectively. The rod used to obtain the mass spectrum
was composed of 85% titanium and 15% zirconium in molar ratio.

zirconium mixed Met-Cars were produced abundantly when the
vaporization laser power was sufficiently high, while the Met-
Car peaks were barely seen at lower vaporization laser powers
Mass spectra of zirconiumcarbon and titaniumzirconium-—

carbon clusters obtained under the high vaporization laser power

conditions are shown in Figure 3. In the mass spectra efZr

clusters, however, several species were seen in addition to the

zirconium Met-Car. For example, the peak that corresponds to
ZrgCy is too wide and appears to have a tail to the right. This

is probably due to species with a slightly higher mass than
ZrgCip, such as ZCi3.4t Nevertheless, the tail disappeared when

the photon energy of the ionization laser was reduced and did
not interfere with the IP measurement of the zirconium Met-

Car near threshold. For the FZr—C clusters, the mass
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Figure 4. PIE plots for the pure titanium and zirconium Met-Cars.
For the threshold photon energy range, each point represents the peak
intensity of the cluster in mass spectra obtained through data ac-
cumulated for 2500 laser shots, after normalization with respect to the
ionization laser fluence (solid circles). For higher photon energy ranges
which were studied with laser dyes different from those of the threshold
ranges, points show averaged intensities for each photon energy (open

spectrum in Figure 3 has a hump superimposed on the peaks ofircles). Data sets which were obtained with different laser dyes were

mixed metal Met-Cars. Again, it is probably due to species of
stoichiometries different from Met-Cars. The hump was smaller
and negligible when the ionization photon energy was close to

connected so that averages of normalized intensities at a boundary
coincide. The lines are the regressions of the points measured between
4.39 and 4.55 eV for FCy, and between 3.98 and 4.20 eV fopZro,
respectively. Estimated error in peak intensity, mainly due to white

the ionization threshold of the Met-Cars and did not disturb oise, is about-0.2 in the scale.

the IP measurement, especially in establishing zero levels during

the measurements of peak intensity. the photon energy scan was repeated back and forth in the range
To obtain PIE curves of the Met-Cars, the photon energy of Using a single laser dye. Therefore, the scattering of the points

the ionization laser was scanned at a step of 9@R@5 eV, represents the magnitude of fluctuation in measuring signal

and peak intensities of the Met-Cars were determined from massintensities in the threshold range. Each point corresponds to a

spectra. The measured peak intensities were normalized withPeak intensity of the Met-Cars in mass spectra obtained through

respect to the ionization laser fluence and plotted against photondata accumulated for 2500 laser shots, after normalization with

energy. The procedure employed to determine the IP’s of the respect to the ionization laser fluence. In the higher photon

Met-Cars from the PIE curves thus obtained is described in detail €nergy ranges covered by different laser dyes, only averaged
in the next section. intensities are plotted. Laser dyes used to cover the photon

energy ranges were Coumarin 540A (4468 eV) and
Coumarin 503 (4.685.09 eV) for TgCi» and Kiton Red 620
(3.89-4.05 eV), Rhodamine 610 (4.6%.13 eV), Rhodamine

A. IP’s for the Pure Titanium and Zirconium Met-Cars. 590 (4.13-4.31 eV), and Coumarin 540A (4.22.59 eV) for
The ionization efficiency plots for the titanium and zirconium  ZrgCi».

I1l. Results and Discussion

Met-Cars near threshold are shown in Figure 4. In the photon
energy ranges near threshold, i.e., 44768 eV for TgCy, and
3.89-4.05 eV for ZgCi», respectively, several points of different

In each plot, the ionization efficiency decreases as the photon
energy becomes lower. Regarding the photon energy ranges
higher than those shown in Figure 4, it was established by

intensities are plotted at the same photon energy. This is becausscanning the photon energy up to 5.64 eV that the Met-Car peaks
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maintained high, nonzero intensities under single photon absorp-
tion conditions. This observation indicates that the sharp onsets

J. Phys. Chem. A, Vol. 102, No. 51, 19980489

Ablation Laser Beam

shown in Figure 4 correspond to the ionization thresholds of Metal Rod Conical Nozzle
TigCi2 and ZgCyo. Cluster

Focusing on the thresholds, the tailing feature, which is often pulsed Beaml
observed in PIE measurements of polyatomic systems, was not Valve

clearly seen. This is perhaps due to the fact that the Met-Car
peak in the mass spectra was buried in noise at the threshold.
More specifically, the estimated error in measuring the peak (a) Waiting Room
intensities in the mass spectra is absit2 in the scale and is
mainly attributable to white noise. When the real peak intensity
is below 0.2, no peak was discernible and the intensity was
read as zero (e.g., points at 4.39 eV and below in the titanium
Met-Car's PIE plot). On the other hand, when the real peak
intensity was slightly above 0.2, the peak was recognized and
the intensity was measured as nonzero. Therefore, the tails might
have been undervalued in the threshold range.

Because the tailing feature was not significant and the PIE (b)
plots are nicely fitted by straight lines, the linear extrapolation
method? was adopted in the present study to deduce the IP’s, 2cm
instead of other procedur8s*¢ that are preferably utilized when  Figure 5. Comparison of the two different types of the cluster sources
a PIE curve has a distinct tail. The IP’s determined by following (&) With a conical nozzle and (b) with a straight tube for intensive
these considerations were 4.400.02 and 3.95+ 0.02 eV for cooling. Sand-patterned pieces were made with Teflon, while hatched
the titanium and zirconium Met-Cars, respectively. The errors ones were made of metals.
were estimated by evaluating the scattering of the data points

near threshold due to possible fluctuation of the instruments tion was based on their geometric design to acquire similar

and the _nO|se ”_1 the mass SPPTCUa'_ o cooling effects. However, it should be noted that, even with
_Referring again to Table 1, itis noticed that there is significant he similar cooling nozzle, it was uncertain until studied whether
discrepancy between our data and those by Brock and Duncanyne temperatures of their clusters and those of Met-Cars in the
That is, our IP's are lower by 0.5 eV for gll;,, and by more  resent study would be comparable, since many factors would
than 1.8 eV for ZgCyo. Therefore, following the above IP e gifferent between the two experiments, such as the heat

assignment with the data in Figure 4, we conducted two canacities of the clusters and carrier gases, the temperatures of
additional PIE measurements. Those experiments were intende@ne clusters at the moment when they were produced, the

to investigate whether the temperature of the Met-Cars affected;esigence times in the nozzles, etc. Therefore, we chose the
the PIE plots and ultimately the IP assignment. For example, if sirajght nozzle design as an effective way of cooling clusters,
a measurement is conducted at high temperatures, the IP tendgg estaplished by the prior work, we tested the new experimental
to be asagned to a lower than actual value. Indeed, it is avghd setup, and after sufficient efficiency of cooling clusters was
question to ask whether the temperatures of our clusters mightgstaplished as described below, we studied the effects of
be higher since our experiments are conducted at a hightemperature on the IP measurements of Met-Cars.
vaporization laser power to produce abundant Met-Cars. Thus, straight channel of 32-mm length and 3-mm inner diameter
an investigation was undertaken to answer whether this tem-\ya< grilled in a brass block capable of being cooled to about
perature effect contributed to the difference between our IP’s _1gg <c by feeding liquid nitrogen through it. This was
and those determined by Brock and Duncan. connected to the main body of the cluster source via a metal
First, a PIE measurement was conducted at a higher vaporizatube of 9-mm length and 2.9-mm inner diameter. Since the
tion laser power, keeping other experimental conditions un- cluster source main body was made of Teflon, the temperatures
changed. The idea was that an increased vaporization laselof the rest of the cluster source were maintained at about room
power should induce a plasma of a higher temperature in thetemperature. The temperature of the cooling block was moni-
cluster source, which might result in production of warmer tored by a thermocouple. Experiments were conducted on
clusters and perhaps cause a more significant tail in the PIEtjtanium Met-Cars.
plot. The findings showed that, within limits of error, the PIE  Complete descriptions of the experimental observations with
plot of the titanium Met-Car which was obtained by doubling this new nozzle will be given elsewhet®and only results that
the vaporization laser power was essentially identical and did are important for the investigation of temperature effects on
not display a significant tail. Accordingly, a shift to a lower the IP measurements are described here. The most significant
value in IP assignment was not observed, and the IP waseffect of the new experimental setup with the straight nozzle
determined to be the same. We concluded that the highwas that methane molecules, which were abundant in the cluster
vaporization laser power did not affect our IP assignment.  source, become clustered to the Met-Cars under low-temperature
For the second experiment, we modified our cluster source. conditions, and that the resulting complexes were observed as
That is, instead of the conical nozzle described in the Experi- additional peaks in the mass spedft& Under an assumption
mental Section and in Figure 5a, a straight nozzle for extensive that the association was physisorption of methane with weak
cooling was used, as shown in Figure 5b. In conducting similar bonds to the surface of the Met-Cars, this observation proved
measurements, Hackett and co-workers utilized a straight nozzlethe straight nozzle was effective to sufficiently cool Met-Cars
that was thermally contacted with a refrigerator. This arrange- (and methane, and probably helium, t6b).
ment was employed in their study in order to control temper-  After this observation, the IP of the titanium Met-Car was
atures of metal and metal-oxide clusters produced by a laserinvestigated with the straight nozzle being cooled and hence in

| I

vaporization method with a pulsed vak/eOur nozzle construc-
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the presence of coexisting methariet-Car complexes. Im- 3.0
portantly, no significant shift to a higher value in IP assignmen_t 205t TirZrCaz
was observed. Therefore, from the results of the two experi- a
ments, it was concluded that there is no influence of the internal 220+
energy content of our clusters on the IP assignments. 5 151
After these investigations about the temperature effects, 8
another question still remained unanswered: Why are the IP’s E 1.0 |
by Brock and Duncalf substantially different from the IP’s S os |
determined in the present study? At the moment, we do not z -
have any evidence to explain the discrepancy. The fact that we 0.0 —————ebees
used different methods to deduce the IP’s does not explain the 38 4.0 4.2 44 4.6 48
difference; at wavelengths exceeding the IP, we always observed
the ionization laser power dependence in our experiment to be 5.0
equal to unity. For example, the dependence at 4.86 and 4.77 & 40 - TieZr2C12 °
eV for TigCio was 1.00 and 0.96, respectively, while Brock and g ’
Duncan reported the dependence was 1.29 for4.84eVand 1.52 € 39 |
for 4.75 eV. We can only speculate that, in the experiment by g
Brock and Duncan, some coexisting species disturbed their IP N2o
measurement. This might be either from species of stoichiom- g
etries different from pure Met-Cars, or from possible isomers g 10
of Met-Cars32 and in both of the cases, they must have higher < L
IP’s. As a result of convolution of the coexisting species, once 0.0
the photon energy was reduced below the ionization threshold 38 4.0 4.8
of the high IP species, the power dependence measured during 25
the scan of the ionization photon energy might have appeared '
to be greater than unity, and this could lead to IP’s being 2,0 TisZrsCiz
assigned to the higher values. §
Apart from this issue, comparison of the IP’s of the titanium £ 15 ¢
and zirconium Met-Cars determined in the present study with E
the theoretically predicted IP’s listed in Table 1 prompts an = 10
interesting consideration: What structure of the Met-Cars is E 05 L
more appropriate to explain the measured IP’s? For both the 2
titanium and zirconium Met-Cars, the measured IP’s agree quite 0.0 P— *
well with the IP’s calculated witfTq symmetry imposed. It is 38 4.0 42 4.4 4.6 48
obvious that thel,-symmetry Met-Cars could not be detected
by the near-threshold photoionization efficiency study even if 2.0
they coexisted with th@4-symmetry Met-Cars, provided the 2 TisZraCaz o,
IP’s of the Th-symmetry Met-Cars are as high as what have | 451
been predicted. However, assuming the quality of the density g
functional calculation is high in estimating IP’s for clusters of T 10k
the elements and the size studied here, the good agreement  §
between theory and experiments leads to the conclusion that E
the Tg-symmetry Met-Cars are present in considerable amounts. 5 05t
Other than prompt ionization, another phenomenon previously =
observed for Met-Cars is delayed ionization. Two crucial 0.0 —
parameters must be considered in accounting for this ionization 38 40 42 44 46 48
mechanism, i.e., the IP’s of the Met-Cars and their bond strength. Photon Energy /eV

Th(_e IP's were determl_ned to be ab.OUt 4 eVin the present study, Figure 6. PIE plot for the Tg-.ZrCi2 (x = 1—4) clusters. Each point
while the bond energies were estimated to be about 9 eV for onrecents the average of two or more data points which were
Met-Car cations based on collision-induced dissociation experi- individually obtained by accumulating data for 2500 or 5000 laser shots.
ments!®19 Since the bond strength in the neutral Met-Cars are Error in which all original points fall is about0.2 in the scale. The
theoretically calculated to be approximately the same as that oflines are drawn to guide eye.

the cations, it is clear that the Met-Cars satisfy the criterion for than those of the pure metal Met-Cars, attaining high-quality
the delayed ionization, i.e., the energy for the weakest bond in mass spectra required data accumulation of 5000 laser shots at
an ionizing species must be considerably higher than its IP. It higher ionization laser powers. Error for the peak intensities
should be noted that, as part of another study in our laboratory, due to noise was estimated to 6.2 in the scale. Two laser
we inVeStigated the delayed ionization of Met-Cars and found dyes were used to cover the photon energy range shown in
that parametrization of the data leads to an estimate of IP valuesrigure 6, i.e., Coumarin 540A above 4.31 eV and Rhodamine
that are comparable with the ones directly measured in the 590 below it. For the Met-Cars of higher zirconium contents,
present study* peak intensities were quite low due to the mixing ratio of the
B. IP’s for the Titanium —Zirconium Mixed Met-Cars. The two metals in the alloy rod used in the present study (see Figure
ionization efficiency plots for the titaniumzirconium mixed 3), and this caused large uncertainties in IP assignment of the
Met-Cars near threshold are shown in Figure 6. Since the peakTisZrsCi, and TiZrsCy2 clusters. Clearly, the tailing effect was
intensities of the mixed metal Met-Cars were considerably lower not seen for any of the Met-Cars in Figure 6, and the reason
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4.5 of accuracy in the density functional calculations, comparison
4.40 of the IP’s individually obtained from experimental and
theoretical investigations indicates tligsymmetry Met-Cars
explain the observed IP’s quite well. The establishment of the
4.28 low IP values provides a further basis for attributing the delayed
43 L ionization dynamics observed in Met-Cars to a thermionic
emission mechanism.
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