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Energetics of the manganese trimer and tetramer ions

Akira Terasaki, Shinichirou Minemoto,® and Tamotsu Kondow”
Cluster Research Laboratory, Toyota Technological Institute, in East Tokyo Laboratory, Genesis Research
Institute, Inc., 717-86 Futamata, Ichikawa, Chiba 272-0001, Japan

(Received 6 June 2002; accepted 2 August 2002

The photodissociation processes of the manganese cluster iops ¥mn=3 and 4 were
investigated in the visible and near-infrared photon-energy ranges. The threshold energies were
determined for the two-atom-loss channels by measurements of the spectra of the partial
photodissociation cross sections. The binding energies ¢f"Mn=3 and 4 were obtained by

using these threshold energies and the known bond dissociation energy ,0f Nlhe bond
dissociation energies of Mii, Do(Mn,™---Mn), and Mn, ™, Do(Mn3™---Mn), were determined to

be 0.83-0.05 and 1.04 0.07 eV, respectively. Thus the binding enerdiesr atom of Mn;* and

Mn," turned out to be 0.740.03 and 0.820.05 eV, respectively. These findings show that the
interaction between manganese atoms is exceptionally weak, compared with other transition-metal
cluster ions. ©2002 American Institute of Physic§DOI: 10.1063/1.1509064

I. INTRODUCTION threshold, which takes into account the internal energy of the
dimer ion produced by the electron impact of ME&O),,.

It is known that manganese forms very weakly boundThis binding energy of the positively charged dimer is much
systems in the two extremes of the size range, i.e., both ifower than those of the othed3ransition metals, except for
the bulk and in the diatomic molecule. Among the bulk tran-the comparable value of €f(1.30+0.06 eV)?? It is under-
sition metals, it has the smallest bulk modulus (5.96stood that the ground-state electronic configuration is
X 10 N/m?) and the lowest cohesive energ2.92 (3d)'%(4scy)?(4so,*)' with the formal bond order of
eV/atom.! On the other hand, the binding energy of the1/2!*%' since the energy of the promotion,d3s!
manganese dimeby(Mn---Mn) is reported by thermody- —3d®4s?, is high(1.81 eV} (Ref. 23 in a manganese cation
namic measurements to vary from @&.0.1 to 0.56 Mn". The electronic structure of M has recently been
+0.26 eV depending on the models employed for analysesstudied by the UV-visible optical absorption spectroscopy
0.44+0.3 eV is the currently accepted estimdtéAlthough  and analyzed by quantum—chemical calculafin.
the uncertainty is large, it is clearly much lower than those of ~ These studies show that manganese is weakly bound
the other homonuclear diatomics ofl 3ransition-metal ele- both in the dimer(ion) and in the bulk when it is compared
ments, which are in the range between 1.1 and 2.3 Bve  Wwith the corresponding systems of other transition-metal el-
weak interaction between manganese atoms arises from t§gnents. However, the binding energy of a manganese as-
electronic configuration of the atom. The manganese atoriémble certainly increases from that of the dimer to the bulk
has a fully occupied ¢ shell and a half-filled @ shell, cohesive energy. This raises a question about the size evolu-
3d5432 Configuration_ This Configuration makes the energytion of the bonding mechanism of the constituent atoms of
of the promotion, 8°4s>—3d%4s!, very high(2.14 e\}®>  mManganese clusters. In this regard, the secondary-ion mass
which is necessary to form a covalent bond. Therefore, théPectrum(SIMS) of manganese cluster ions )n has been
ground-state electronic configuration of the dimer is considmeasured and revealed that the abundant sipegic num-
ered to be (8)'%(4sag)?(4sa,*)? with its formal bond or- berg in the mass spectrum coincide with those of rare-gas
der of zero, which suggests a van der Waals-type interactiofluster ions; the magic numbers implied a van der Waals
with a nonbonding nature ofdBorbitals. The weak bond in nature of the bonding in the size range below602° In the
the dimer is consistent with other experimental observationgrésent study, the binding energies of the manganese ions of
which include the long bond lengii8.4 A) (Refs. 6 and y  trimer, Mns", and tetramer, My, were determined by the
and the low vibrational frequend$9—76 cmi®) (Ref. § and ~ Photodissociation experiments, where the threshold energies
with theoretical studiegRefs. 9—17. were mee}sured for.the dissociation channels being switched.

The manganese dimer ion Mn is also weakly bound. The binding energies per atom of Mnand Mn" were
The bond dissociation energy of Mi, Dg(Mn*---Mn), has  found to be as small as that of M,
been determined by experiments of collision-induced
dissociatiof®!® and photodissociation spectroscdByThe
most reliable dissociation energy is obtained to be 1.39 eV The experiments were performed by using a tandem
(Refs. 20 and 2by careful analysis of the photodissociation time-of-flight (TOF) mass spectrometer equipped with a tun-

able pulsed laser for photodissociatfdrf® which is capable
dpresent address: Department of Physics, School of Science, University (9f Irradl,atlon of the lase,r pulse to a SIZ?_SF"leCted primary
Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan. cluster ion and successive mass analysis of photofragment
DElectronic mail: kondow@mail.cluster-unet.ocn.ne.jp ions. Manganese cluster ions were generated by the laser-

Il. EXPERIMENTAL PROCEDURES
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vaporization technique. The second harmonics of a pulsed
Nd:YAG laser(GCR-11, Spectra Physiceperated at 10 Hz
was focused on a rotating metal disk mounted in a cluster
source. A manganese plate fabricated by the electrolytic re-
fining was used for the sample disk. A helium gas mixed
with 10 vol. % argon gas was used as a carrier gas. The
temperature of the cluster-growth room was kept at 210
+20 K by a careful flowing of a cold nitrogen gas vaporized
from liquid nitrogen through a pipe attached to the cluster-
growth room. Both the introduction of an argon gas to the
carrier gas and the cooling of the cluster-growth room fa-
vored the formation of cluster ions larger than trimer. The

0.4} (a) —o— Mng* —Mng* -

Partial
Cross Section / A2

Branching Fraction
of Mn*

cluster ions thus produced were extracted in the perpendicu- 0.0 T m— A
lar direction by a pulsed electric field into a TOF mass spec- 1 2 3
trometer, where the cluster ions traveled at a kinetic energy Photon Energy / eV

of 1.6 keV. After mass selection, cluster ions of a target SizerIG. 1. (a) Spectra of the partial photodissociation cross sections of Mn
either Mry™ or Mn,™ in the present experiments, were irra- open(solid) circles are for the dissociation channel to Mn(Mn®). (b)
diated with a tunable laser pulse from an optical parametri@anching fraction of the Mh channel as a function of the photon energy.

. . . e thick solid curve represents the internal-energy distribution of primary
oscillator (OPO; _MOPO'73O’ Spectra Physic§he photon Mn;*, which explains the onset behavior. The arrow indicates the threshold
energy was varied from 10@.240 to 2.79 eV(445 an) energy of the M# formation from Mrﬁ*_
with a laser-tuning gap between 1.65%0) and 1.82 eM680
nm). The intensity of the laser pulse was kept below 10
mJcm ?pulse ! in order to ensure the single-photon pro- eV, whereas the major photofragment ion was switched to
cess, which was monitored during the experiment. The phoMn™* at higher energies. As shown in Figh), the branching
tofragment and the residual primary ions were further massfraction of the two-atom loss exhibited a rise at 1.9 eV and
analyzed by the secondary TOF mass spectrometer equippéieled off at 2.2 eV. The gradual increase in the Mor-
with a reflectron and detected by a microchannel platamation is due to the internal energies of the primary cluster
(F4655, HamamatsuThe resulting TOF spectrum was digi- ions; internally hot cluster ions dissociate at photon energies
tized and stored in a transient digitiz€DM2350, Iwatsy  lower than cold ones. The atomization eneEyMn;") of
and was transferred to a personal compyf€-9801VX, Mn;" was determined by this threshold energy, as will be
NEC) for further data processing. Typically, 300 data setsdescribed in the following section. The photodissociation

were accumulated to obtain each TOF spectrum. spectrum also exhibited resonance structures corresponding
The photodissociation cross sections were obtained a® excited electronic states of Mh. The analysis of the
follows: The yield of each photofragment ion of size electronic spectrum requires high-level quantum chemical
n calculations and will be reported in a separate paper.
Y(Mnm*)=I(Mnm*)/ 2 [(MnH), (1) Figure 2 shows the results on lyin where three fea-
k=1 tures are discernible. First, the trimer ion Mnwas pro-

was calculated from the intensities of the primary ion,duced as the dominant photofragment ion even at a photon
I(Mn,*), and the photofragment ion§(Mn,*) (1<k=n energy as low as 1 eV._Thls result simply pllaces an upper
—1). By using the measured intensity of the dissociationIImIt on the bond dissociation energy of Mn, i.e.,

laser (or the photon fluxF), the partial photodissociation Do(Mng*---Mn)<1.00 e+ E;j(Mn, *), 2
cross section was obtained;,=Y(Mn,,*)/F for each dis- . .
sociation channel. Here themdissocia?ion laser beam, the dehereEi”tEMnf) represents the mtgrnal energy of the pri-
ameter of which was as large as 6 mm, was assumed gary 'V'Th ’ Secpnd, at higher energies, ana; produged
overlap completely with the primary cluster-ion beam, WhiChpredomlnantly via two-atom loss. The branching fraction of

was confirmed in the experiment. The uncertainty in the ab'Ehe two-atom loss, shown in Fig(t9, started to increase at

solute cross section thus obtained was estimated to3@9% about 1.2 eV and grows sharply toward 1.9 eV. This behavior

of the average value, where a main source of error was aﬁ similar to that observed for M except that the branch-
. ’ AR9 fraction changed more slowly as the photon energy in-

ion bunch. On the other hand, the relative values had stati%eased' It is reasonable, because the internal energy of

tical errors of=20% or less, which were evaluated at several n," is higher th_an that of My at the same temperature

photon energies by repeating the measurements. due to the Iarggr mtgmal degree§ of free.dom. The threshold
energy determined in the following section corresponds to
the dissociation energypo(Mn,*---2Mn), liberating two

Ill. RESULTS Mn atoms from Mp™*. Finally, in the present photon-energy

range up to 2.79 eV, the monomer fragment ion*Mmas not

observed. This fact places a lower limit on the atomization

energy of Mn™, Ey(Mn,"):

Figure Xa) shows the partial photodissociation cross
sections of Mg™, from which Mn,” (one-atom lossand/or
Mn™ (two-atom loss were produced. The dominant photo-
fragment ion was Mg at photon energies below about 2 Ey(Mn,")>2.79 e+ E;(Mn, ). 3
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FIG. 2. (a) Spectra of the partial photodissociation cross sections gf'Mn

open(solid) circles are for the dissociation channel to Mn(Mn,*). (b) o

Branching fraction of the Myi channel as a function of the photon energy. R(Ep) = f dEiP(Einp),
The thick solid curve represents the internal-energy distribution of primary Ein—Ep

Mn,", which explains the onset behavior. The right arrow indicates the

threshold energy of the Mii formation by liberating two neutral atoms :eXF{(Ep_ Eth)/<Eint>]a (4)
from Mn,*. The left arrow indicates that of the Mh formation by Mn, _ n . . .
release, which was presumed. whereEy,=Ep(Mn3™). By applying this equation to the data

in Fig. 1(b), it is obtained thatE,(Mn;")=2.22+0.05 eV

and that(E;,)=0.06+0.01 eV as shown by the thick solid
curve. The average internal energy thus obtained agrees with
IV. DISCUSSION that estimated by the temperature of the primary;Min

A. Trimer ion equilibrium with the cluster-growth room at=210K,
where(E;,;) =skT, with s representing the internal degrees
of freedom ($1—6) andk the Boltzmann constant. This
agreement supports the present interpretation of the onset
behavior. The energetics of Mh is summarized in Fig. 3.

cates that the primary trimer ions have an internal-energyﬁ.he bond dissociation energy of MR, Do(Mn,*---Mn), is

distribution at finite temperature as determined by thefurther deduced to be 0.80.05eV. as the bond dissocia-
cluster-growth room; internally hot cluster ions dissociate a . '

i f the di i Mn*---Mn), i
photon energies lower than cold ones. Also the branchin%cemlegggélo the dimer forDo(Mn n). is reported to

fraction changes smoothly and monotonically without any The electronic states of the photofragments produced at

resonance structures. This finding is consistent with the CONte atomization threshold were assigned to the ground

J:.ctu:ed_that MT 'S plroduced byl predlsstoc?ulon rather thfan states: M (’S) and MnfS). Since the first excited state
rect dissociation ajong a repulsive potential Energy Suraceg ¢ \1n+ jies at 1.17 eV abovés, 2 it requires 2.56 eV for

in the excited state. In this statistical process the two-bodwln; to dissociate into MA(°S) and Mn€S). Therefore, it
dlsstoc:aél_on procless of M: MShSUIdb [:rotceeti not tot tf|1e is not allowed energetically for Myi to produce excited-
neutra-cimer re etz_ise, I\fd‘i+Mn » U tho e ?_eu 8 state M (®S) at the threshold photon energy of 2.22 eV. For
monomer evaporation, M n, since the 1onizalion Po- 5 gmilar reason, the first excited st4@ of Mn is not pro-

fcermfal of l\t{ln ?to?_ IS h'.gT.Qr thﬁn thalt Off gﬁt Taeief?rr]e, duced, which is 2.14 eV higher in energy than the ground
In this particular dissociation channel of ¥into Vin-, e - g5,065 5 Note that the photodissociation occurs in a spin-

c?l;/lnterrt]eutral species are two Mn atoms via sequential Ioscsonserved manner; the ground state of;Mihas been shown
ot vn atoms. to have a total spiS= 8>’ while the products havé=3 and

In the mechanism of the photodissociation process merk 5 ¢or Mn*(’S) and Mn€S), respectively. In other words
tioned above, the atomization energy of Mp E,(Mn™), ferromagnetic spin coupling between M{S) and two

is evaluated as follows: Suppose that the primary clustef, /6 b e
ions Mn;™ are populated in internally hot levels according to K/In( S) forms the high-spin ground state of Mn

the Boltzmann distribution law, which gives the population
P(Ein) = exd —Eint/{Ein) 1/{Eint), With an average internal
energy(E;). Once Mn™ absorbs a photon with energy,, The threshold energy for Mi to dissociate into My"

it is dissociated to Mn if Ept Eine> Ey(Mn3*), while it  was observed to be about 1.9 eV as shown in Fig). Zhe
remains to be Mp' otherwise. Therefore, the branching onset of the branching fraction of Mh is analyzed by the
fraction R(E,) of Mn™ is the integrated population over the same model employed in the analysis of the ;Mrdata,
primary cluster ions hot enough to ha®g,>Ey(Mn;™) which takes into account the internal energy distribution of
—E,. This gives rise to the following equation for explain- the primary cluster ions. By applying E(4) to these onset
ing the onset behavior of the branching fraction of Mn data, it is obtained thaE;,=1.92+0.05 eV and thatE;,)

The onset behavior of the Mnformation from Mny* is
analyzed in order to obtain the energetics of ;Vin The
gradual rise of the Mh branching fraction in Fig. (b) indi-

B. Tetramer ion
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=0.12+0.03 eV as shown by the thick solid curve in Fig.

2(b). The average internal energy agrees with that estimated 3268 -[---onneooe- [ Mn* +3 Mn

for Mn,™ with six internal degrees of freedom at the cluster-

source temperature of 210 K. The threshold enekgy Ey(Mng")  Ep(Mngt) Do(Mn*._Mn)

would correspond either to the sequential loss of two atoms, 3 2226V |1300V°

Mn,*+2Mn, or to the neutral-dimer release, Mn+Mn,, B

where the latter process requires energy less by the bond R I S - Mng® +2Mn

dissociation energy) o(Mn- --Mn), of the neutral dimer. The H Do (Mng*..2M1) "i&“"‘”’:“ eV

present threshold is attributable to the former process, be- r- SR e I S \ M +Mny
1042 -t-—F-+--¢ Mngt +Mn

cause the branching fraction is almost unityggt and there
was observed no further increase in the Nrformation at
higher photon energies.

Here we should mention the lifetimes of the excited o L
states in the predissociation processes, because the clusters
require an internal energy above their dissociation thresholgic. 4. Energy diagram of the photodissociation process of ‘MiThe
to be dissociated within the time scale of the experiment. Thghick arrows indicate the experimentally determined thresh¢iisPresent
dissociation rate is estimated by the statistical model base#ork- (b) Present work on Myt (c) From Ref. 21.
on the Rice—Ramsperger—Kass@RRK) theory. In this
model the dissociation ratq E) at the internal energi of
the cluster is expressed kyE) = v [(E—Dy)/E]*" %, where
vis the'freq.uency of the characteristic mode#he numper tively, the spin-allowed My" product is inS=21/2, 11/2, or
of the_wbranonal degrees of freec_iom, abd the bond dis- 1/2. Therefore, it is likely that the high-spin statés (
sociation energy. On the assumption that the mode frequenq_[Zl/z) is oroduced preferentially over the lower-spin state
v is 100 cm* as found for the vibrational frequency of the P p - y _p

. ) ) .~ (S=9/2). The photodissociation of Mii(S=21/2), in re-

manganese dimer in rare-gas matricése excess energies ) :
necessary for the cluster ions to dissociate before the produXErse' proceeds .m a spin-conserved mgnner and produces
mass analysiéwithin 20 us in the present experimental con- photofragments in the 9round electronic_states:sMtS
dition) are estimated to be 1210 %D, and 2.% 102D, —8)tMn(S=5/2), Mn, " (S=11/2)+2Mn(S=5/2), and
for Mng* and Mn,™, respectively. The effect of the excited- Mn*(S=3)+3Mn(S=5/2).
state lifetime is negligible in the case of the trimer ions,  Finally, we would like to mention the bond dissociation
because this excess energg 102 eV) is much less than energy of the neutral dimeDo(Mn---Mn). In spite of the
the uncertaintie$0.05 eV} in the binding energies obtained. long history of discussion, it is given only with a very large
For the tetramer ions, on the other hand, the overestimate afcertainty:Do(Mn---Mn)=0.44+0.3 eV>~*In the present
the result should be compensated for, since the required eexperiment on the tetramer ion, a slight onset of,Msignal
cess energy is comparable with the experimental error. from Mn," is discernible at about 1.3 eV, although the

Due to the finite excited-state lifetime, the presentsignal-to-noise ratio is not good enough. This threshold
threshold energyEy, (1.92+0.05 eV) represents the could arise from the formation of MA and Mn:
minimum energy required for M to produce Ma"  Dy(Mn,™--Mn,)=1.3eV. Then, it is presumable that
in a time scale short enough before the fragment mass analyy (Mn- --Mn)=0.60.1 eV, being given by the relationship
sis and overestimates the actual dissociation energy) (Mmn:--Mn)=Dy(Mn,"---2Mn)—Dy(Mn,"---Mn,). In
Do(Mn,™---2Mn), by about 0.05 eV. Thus, one obtains that order to conclude it decisively, a low-temperature experiment
Do(Mn,™---2Mn)=1.87+0.05 eV for the dissociation en- yoyid be able to distinguish more clearly the (Mn

ergy of Mn,* liberating two atoms. The energetics of Mn +Mn,) process from the (Mg +2Mn) signal originating
is summarized in Fig. 4. The other parameters are calculﬁom internally hot cluster ions.

. +--- = +---
atgd (M25+ f'\cjllrl]‘;vzsl'%z(yon% ; eyn) aE)nOd(MnZE (l\/lanD)) Photodissociation experiments sometimes have difficulty
e A A b\ VI"la in determining a bond dissociation energy from the photodis-
—E(Mns ")+ Dg(Mng*--Mn) =3.26+0.09 eV. Note that o oocrmnd issociation enerdy photodis
sociation threshold of the monomer-release process. It is re

i i +...
:lnedsihgr}i\rlséersbzzlt@fy (fth(eMl;\peirg?\?eljnn::))(%(el\:lirrﬁentall\lﬂyni)y quired that an excitation of a cluster can occur at the photon
LA energies in the vicinity of the bond dissociation energy: oth-

Egs. (2) and (3), respectively, where the internal ener X ) -
eq(h;n1+) of (M)n4+ V\E)as estir):]ated to be 0.12 eV. 9y erwise, the threshold energy provides only the upper limit of
n " "

The electronic state of My has been investigated by the bgnd energy. The cri_ter_ia have been discussed fpr int_er-
first-principles calculations. It is predicted that a high-spinPrétation of photodissociation thresholds as bond dissocia-
state withS=21/2 and a lower-spin state witg=9/2 are tion energies on several transition-metal dimer and trimer
nearly degenerate within 0.05 eV in the total-energyions-ﬂ In the present experiments, on the other hand, an
difference®® In the sequential cluster-growth process in aonset of the two-atom release was observed instead, where
laser vaporization cluster source, the total spin is conservethe onset energy was in the absorption-line profile of the
from reactants to a produtt.Since the ground spin states of cluster ion and the two-atom-loss channel took over
Mn,* and Mn areS=11/2(Refs. 24 and 30and 5/2, respec- smoothly from one-atom loss as the photon energy increased.

Do (Mng*...Mn) : 0.83 eV D

D (Mno*.. Mng)

Dg (Mng*...Mn)

Mn4+
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