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Electronic transitions of cobalt carbide, CoC, near 750 nm: A good example
of case ( bgs) hyperfine coupling

M. Barnes, A. J. Merer, and G. F. Metha
Department of Chemistry, University of British Columbia, Vancouver, British Columbia V6T 171, Canada

(Received 12 July 1995; accepted 14 August 2995

The laser induced fluorescence spectrum of jet-cooled CoC near 750 nm has been measured at high
resolution following the reaction of laser-ablated cobalt atoms with methaneXfHeground state

of CoC is an unusually good example of Hund's casgg} coupling. Since Co has a nuclear spin
I=7/2, each rotational level is split by the Fermi contact interaction iBte3 and G=4
components, wher&=I+S; the splitting forN=0 is more than 0.5 cit. The X2 " state begins

to uncouple toward casebg;) with increasing rotation. Transitions to variotld excited states

occur in the region 13 000—14 500 ch the most prominent of thes@r which high resolution

spectra have been recordéie at 13 079 cm* (*I13) and 13 343 crit* (*I1;,). The (bs) coupling

in the ground state produces some unexpected hyperfine intensity patterns, which have been studied
in detail. A very low-lying2A,; state, whos€)=5/2 and(2=3/2 components lie at 221 and 1173

cm™ !, has been identified. Laser excitation of tHd,,—2As, transition has been observed by
monitoring the strondll,,—X?S" emission, which has allowed tid./, state to be characterized

at high resolution. A total of 879 rotational-hyperfine transitions between the vaiibys 15,

Ag;p, and?3 " states have been assigned and fitted. Matrix elements 3F atate in caseliss)

coupling are listed. ©1995 American Institute of Physics.

I. INTRODUCTION been reassigned to the distorted(C6), radical?
Coincidentally, at the same time as our discovery of the

Diatomic metal carbides have not received the same at?50 nm system, a second electronic system of CoC was
tention from high resolution spectroscopists as the correfound quite independently by Adaet al;?* this other sys-
sponding oxides and nitrides. For many years the rotationaem has &3 " upper state, and it®,0) band is now known
analyses of the electronic spectra of P'€RhC}®IrC,”® 1o lie at 716 nm.
and RuC(Refs. 9 and 1pby Scullman and co-workers at
Stockholm gave t'he only structural data 'avallable for d|—“_ EXPERIMENTAL DETAILS
atomic metal carbides. Last year an analysis of the YC spec-
trum was published by Simast al,;'! PtC has recently been CoC molecules were prepared by the reaction of laser-
re-examined at high resolution by Steimd¢all? and the ablated cobalt atoms with methane under supersonic jet-
discovery and analysis of band systems of the FeC moleculeooled conditions, and their spectra have been recorded by
has just been reported by Balfoer al*®* FeC is the only & laser-induced fluorescence; the apparatus used was patterned
carbide for which rotational data are available, although bandfter that of Simardet al >
systems of VC and TiC have been recorded at low resolution  Briefly, the output of a Nd:YAG laser operating at a
using resonance enhanced multiphoton ionizatfdlectron  power of about 1 mJ/pulse on its second harmdiie 532
spin resonance spectra of RAQYC,*%"and NbC(Ref. 17  nm) was focused with a 50 cm focal length lens onto the
have been reported by Weltner and co-workers; the latter tweurface of a slowly rotating cobalt rod. The ablated metal
are interesting as being examples of where the orbital angueacted with a pulse of helium containing about 5% methane,
lar momentum of the ground state is quenched in the matriwriginally at a backing pressure of 6 atm. The gaseous prod-
environment. ucts were passed throug 1 cmlong condensation tube into

In this paper we report rotational and hyperfine analyseshe main chamber of the apparatus, where the average pres-
of electronic band systems of CoC at wavelengths aroundure was about 210 “ Torr. A tunable laser beam crossed
750 nm. The CoC molecule is isoelectronic with MnO of the molecular beam 5 cm downstream from the point of ab-
which all the states analyzed so far 86" .28-2°By contrast  lation, exciting fluorescence; this was passed through a Spex
CoC has &3 " ground state, with a very large Fermi contact0.75 m monochromator, which eliminated emissions from
interaction parameter; this produces an unusually good exsnwanted impurity species, and was finally recorded by a
ample of casel{zs) hyperfine coupling, where the rotational cooled photomultiplier tube.
lines are split into doublets whose separation for Iawis Two tunable laser systems have been used. For survey
more than 0.5 cm®. The upper states of the 750 nm bandswork a Lumonics Inc. model HD500 tunable dye laser
appear to béll states. A low-lying?A state, whosd)=5/2  pumped by a second Nd:YAG laser gave linewidths of about
component lies only 221 cit above the ground state, also 0.06 cm %, while for high resolution work a Ti:sapphire laser
gives transitions to thes&l excited levels. These transitions (Coherent Inc. model 899-2pumped by an At laser gave
represent the first gas phase spectra reported for CoC; a mexperimental linewidths of about 100 MHz, limited by re-
trix e.s.r. spectrum previously attributed to CoC has recenthsidual Doppler broadening in the molecular beam. Calibra-
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tion was provided for both the survey and the high resolution
spectra by optogalvanic signals from a uranium—argon hol-
low cathode lamp, for which the line frequencies have been
given by Palmeet al?* To interpolate between the uranium 130816 o
lines in the high resolution spectra, a portion of the tunable

laser beam was sent to a temperature and pressure stabilized
Fabry—Perot &lon, servo-locked to a stabilized helium—

neon laser. The resulting markers, spaced by 750 MHz, can

13062.0cm”

be identified wuniquely by a Burleigh WA-20VIS

wavemeter the various 1 cm® scans of the tunable laser ST A i w lH d Tw

are then easily concatenated by a computer program, since 3 L[ i u Lo
the relative order numbers of the fringes are always known. 2RV z 4 |6 ‘ 8 ‘9 ‘ “‘ | N
The system is capable of relative calibration to an accuracy %R(N") 3 5 7 %P(N")

of about 10 MHz over several hundred ththough in the
present spectra the relative accuracy of the line measure-

ments is limited to about 15 MHz by the experimental widthsE;G()-?lg- PU-I?Ethaquurt‘;]ey sr;])ectrttlm'otf, éhinalél__22+ Subbzn% Ofﬂ?oc at
of the lines and their signal-to-noise ratio. (b Sp?:qcojpﬁxg”iﬁ the gcmifdc ctate | DIng caused by The case
Wavelength-resolved spectra have also been recorded b)/3

scanning the 0.75 m monochromator. Using a slit width of 1
mm, corresponding to a resolution of 11 A, ground statechoice of basis set is given by the coupling scheme
frequencies could be determined 1 cm .

The carrier of the spectra reported here is assigned un- N+S=J J+I=F, @
ambiguously as CoC from the rotational constant, the halfwhich is called case b(g;). It can happen that the Fermi
integer angular momenturd, and the hyperfine structure. contact hyperfine interaction is particularly large if the un-
The hyperfine patterns show that an atom with7/2 is  paired electron is in a molecular orbital which is almost un-
present, which is consistent witt’Co, and the rotational changed from as atomic orbital; in this situation the Fermi
structure indicates that an atom with even atomic numbegontact operatorbe |1-S, couples the vectoB to | more
from the second row of the Periodic Table is also presentstrongly than the spin—rotation interaction couples itNo
Furthermore, the hyperfine patterns show that all rotationathe logical choice of basis is then
levels N are present, thereby ruling out structures such as
CCoC, which would have half the levels missing because of StI=G; N+G=F, )
the zero spins of the equivalent C atoms. Spectra taken usinghich is called casel{ss). The intermediate quantum num-
CD, are identical to those taken using GHhowing that no  berG is that for the total spin, electron plus nuclédf’ In a
hydrogen is present, while tt&' value of nearly 0.7 cmtis 25" state there are two possible valuesGfgiven byl +1/
too high for the carrier to be anything other than CoC. 2, so that each rotational level splits into t@ecomponents.

The ground state of CoC is of this typ&Co (the only
stable isotopehas a spin =7/2, which means that all the
rotational levels are split int& =3 and 4 components, sepa-
A. Case (bgs) hyperfine coupling in the X?3* ground rated by roughly four times the Fermi contact parambter
state The Fermi contact parameter is particularly large in CoC,

IIl. APPEARANCE OF THE SPECTRA

The two strongest bands in the near-infrared laser-
induced fluorescence spectrum of CoC appear near 760 nm.
Low resolution tracings of these bands, which lie at 13 079
and 13 343 cm?, are shown in Figs. 1 and 2. Analysis of
spectra taken at high resolution shows that they?BFre?s,
subbands and that the prominent line doubling of about 0.5
cm ! arises because the commXi” lower state is in case
(bge) hyperfine coupling?®

The conditions for this type of coupling to occur have
been discussed by DurhIn a pure Hund's casg) 23 state,
the electron spirs is not coupled to any other vector and
precesses freely; in practice there will always be a small
spin—rotation interaction, described by the operafsrS. If
a nucleus with nonzero spihis also present there will be
magnetic hyperfine interaction between the nuclear and elec-
tron spins. The resulting energy level pattern depends on IR0V
which of these two interactions is the larger. The usual situ-

ation is that the hyperfine interaction is small compared Qg 2. pulsed lasesurvey spectrum of théll, ,—25* subband of CoC at
the spin—rotation coupling, which means that the logicali3 343 cm®.

3 RIN")
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FIG. 3. High resolution spectrum of thé=0 andN=1 lines of the 3/R E (bgs) e (bpy)
branch of the’Ily,—2S" subband of CoC at 13 079 crhshowing the indi- 3
vidual hyperfine components. -07 ‘1771 7T T T
0 2 4 6 8 10 12 14 16 18 20

- . N”
and the observed splitting between the two components is
more than 0.5 cm'. The Only known CaseuﬁS)'COUpled FIG. 4. Hyperfine energy levels of th¢ 23", v=0 level of CoC plotted

2 g . .
3" state where th&-splitting is larger is the ground state against the rotational quantum numiéshowing the uncoupling from case
of LUO, though the individual hyperfine components have(bgs) toward caselfs;). Levels are calculated from the final least squares

not been resolved in its spectrlfﬁ'ﬁg constants of Table Il. The nuclear spin®8€o is|1=7/2.
Subbands of a similar form to the CoC bands shown in

Figs. 1 and 2 were encountered in the ScO specffumhere

the nuclear spin of°Sc is also 7/2. Their structures differ

slightly from ?IT1-23 subbands as normally encountered be

cause of the characterist{&-doubling which is independent

of N. If there is no spin-splitting in thé>, state a’l1-°3

The upper states of the 13 079 and 13 343 tinands
are shown by the rotational analysis to h&/e=3/2 and 1/2,
‘respectively, and with the stron@ branches suggesting a
AA=1 transition, it would seem logical to assign them as the
spin—orbit components of 41 state. However, the degrada-

subhbang has(;our t.)tr)aréc.heg, :N'%EH )=§1é:3/2 andi.llzi tion of the two subbands is very different; the rotational con-
as has been described in detail by Herz ".convenient, stants for the two upper levels ai®&' =0.626 and 0.571
though seldom used, branch notation was proposed b

1 i
Mulliken® who labeled them 32, 1/2R, 1/26. and 3/p. M+ respectively
Spin—rotation interaction in the%, state splits both the 1R
and the 1/ branches into two, giving six branches alto-
gether; the outer two branches, B/and 3/2°, are not split The wavelength-resolved fluorescence patterns from the
because thaJ=0,=1 selection rule is only satisfied by one subbands at 13 079 and 13 343 ¢nare shown in Fig. 5.
of the two lower state spin components, namely, that withThe 21,, subband at 13 079 cm gives a clear ground state
|3’ —J"|=1. When the’S state is in caselizs) coupling all  vibrational progression with intervalsG,,,=934 cm ! and
four branches, 3R, 1/2R, 1/2P, and 3/, show the AG,,=913 cm ™. (The notationAG, . ;,, used here is the
G-doubling of theN” lower level, giving a total of eight standard notation for vibrational intervafsand G should
branches. not be confused with the angular momentum quantum num-
Figure 3 shows the first lines of the R2ranch of the ber of Sec. Il A) In addition two other levels appear, at 221
13079 cm? subband. This branch corresponds to e  and 1059 cm' above the ground state. TAH,,, subband at
branch of &I1,—2%" transition, and would not be expected 13 343 cm® gives an identical ground state progression, but
to show the spin-doubling of th& ™ state. The fact that the the additional levels are shifted up by 952 ¢hto 1173 and
N=0 line is split into two groups of hyperfine components is2011 cm®. Since theQ)’ values of the two substates are
clear proof of the caseb(;s) coupling. The energy level different, it is logical to assign the additional features as
pattern for the ground state is given in Fig. 4. The contribu-going to the two spin components of a low-lying orbitally
tion of the spin—rotation coupling to the energy increaseslegenerate electronic state, where the spin—orbit splitting is
with the rotational quantum numbét, so that with increas- slightly larger than the vibrational frequency.
ing rotation the spin coupling changes progressively over to By tuning the laser in the region around 12 850 ¢m
case pg;). In the CoC spectrum we see the uncoupling pro-we were able pump thd 1, state from the new level at 221
cess beginning, but it is by no means complete even at them™%; by monitoring the fluorescence at 13 079 ¢nback
highestN values observed. to the> " ground state, we obtained the spectrum shown in

B. A very low-lying 2A state
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resolution spectra it is estimated that tH&;,—%A., (0,0)
band is only a factor of 2 weaker than tHié;,—X 25" (0,0)

laser

band.
@ v=1 v=2
2 =
Bsn(v=0) "Ayn(v=1) C. 21 upper states near 14 000 cm !
“L ‘ e A Lying just to the short wavelength side of the 760 nm
(b) : ' bands are four more bands, alsc?Bf->3" type, which have
Asp(v=1) proved to be too weak for high resolution rotational and
2Asp(v=0) : Co ; hyperfine analysis. It has been possible to establish fheir
|l Co ‘ I values from the patterns of wavelength resolved fluorescence
- that they give, since eaclil upper level also fluoresces to

' (') T 5(')0' T I—ul)oé T 1;00' T '2(')0(; ' the A 2A state, but only to one spin component of it accord-
- h h ing to the selection ruld>=0. At 13 428 cm?, close to the
Displacement from laser line (in cm™) ’[1,,,~X 25" subband of Fig. 2, is a band which, on excita-
tion, gives emission to thA ?As, component and therefore
FIG. 5. Wavelength-resolved fluorescence fr@nthe?Il,, state of CoC at  has()’=3/2. It has been possible to estimate the upper state
13343 cm* and (b) the “Ily, state of CoC at 13079 cm. These spectra g ya|ye from the separation of the two heads formed by the
show the vibrational structure of the23* state and features arising from [ 1 .
the low-lying A 24, state. 3/2R and 1/R branches to obtairB’~0.55 cm ~. This
band is illustrated in Fig. (3).
About 1000 cm? further to the blue are three more
_ o weak bands. The upper level of the band at 14 071 %cm
F|g. 6. This is a remarkable band, Comp|ete|y Undegradeghown in F|g '(b), emits on|y to theA 2A5/2 Component

and looking more like an infrared vibrational fundamentalang presumably ha€§'=3/2. A partial rotational analysis

that theP branch is stronger than the branch and that the pper state constants ar®’'=0.555116) cm * and
first R and P lines haveJ”=5/2; the transition is therefore p’—_44014)x10°° cm % Another band, near 14 140
?Il5/,~"Agpy. It has been possible to record the band at highem 2 [Fig. 7(c)], is completely unresolved at low resolution
resolution, and to obtain a detailed analysis of the hyperfingyt the upper level is also assigned as haviig-3/2 since
structure. Unfortunately it was not possible to do the same emits to theA?As, component. This upper state is provi-
for the state at 1173 ¢, but there seems to be little doubt sionally assigned &d1,,, v =1. The highest energy subband
that it represents thidg, component, and that the spin—orbit e have found involves afd’=1/2 upper level at 14 470
splitting constanA is —476 cm *. This new?A state willbe  ¢y1 [Fig. 7(d)]; the separation oR andQ heads gives the

; 2 . _ . .
designated thé “A; state. _ _ rotational constanB’~0.6Q, cm . This upper state is as-
It is perhaps not surprising that we can excite transitionsigned agll,,, v=1
2 =1 ; ’ : . . .
out of the “Ag), level at 221 cm~. Low-lying metastable The only other transitions we have observed in this re-

excited states up to 3000 crhabove the ground level are gion are the(0,0) and(1,0) bands of théS " —X 25" system

found to be populated in NiRef. 32 and MnF(Ref. 33 in  cyrrently under investigation by Adaet al?? These bands

experiments using a similar ablation source. From our highie at 13 950(716 nm and 14 635 cm® (683 nm), respec-
tively, and both havd’~0.52 cm .

Qd”) { IV. ROTATIONAL AND HYPERFINE HAMILTONIAN
12866.0 cm™

| (05485 e The full rotational and hyperfine Hamiltonian for the
| 25+ ground state is given by

PJ”) H=BN2—DN*+ yN-S+bl-S+cl,S,
+eT%(Q)-T%VE). 3
The terms are identified by the parameters appeaBnand

I
NI
N2
b
Sl
S
wlg
RS
A

2
3

Bl

R{I")
D are the rotational constant and its centrifugal distortign,
MJ u U is the spin—rotation parametds, is the contact parameter,
U u and c is the dipolar interaction, while the last term is the
nuclear electric quadrupole coupling. The magnetic hyper-
fine terms have been taken according to Frosch and Foley’s
w3 a9 3 5 definition3® where the true Fermi contact paramebgr is
2 2 2 2 2 2 2 2 . .
equal tob+c/3. The only field gradient constant needed for
FIG.lG. Survey spectrum of th&I;,—?As;, subband of Co(.z‘, near 12858 a2 state is defined by
zrenncé'l;']?;g;agtg%‘r? was recorded by monitoring &, 23" fluores eq022< 17,A=O|TS(VE)| 77,/\:0)- )
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(a) )
Q=3/2 (v=0)-"Z"

B~0.55; cm’!

Q=3/2 (v=1)-%*
B=0.5551 cm

r T T T T T T T 1

13440 13430 13420 13410 13400 14080 14070 14060 14050 14040

E/cm?! B/ em™
© Ay (v=1)-2%" @ My, (v=1)-22
B~0.605 cm™

r T T T T T T T T T 1 T T T T T T T T T 1

14160 14150 14140 14130 14120 14110 14485 14475 14465 14455 14445 14435

E/em™ B/ em™

FIG. 7. Low resolution spectra of four weak subbands of CoC in the 14 003 oegion.

We have chosen to work in the cadeg§) basis of Eq. for G=3 and 4 the contact energies aréb/4 and /4,
(2) in order to avoid possible eigenvalue sorting problems irrespectively. The spin—rotation interaction is described by
the matrix diagonalization. The rotational energy is obvi-the tensor expression
_ 2 2 : T
ously BN(N+1)—DN<“(N+1)“, while frqm the definition (N'(SG'F|yN-SIN(SI)GF)
S+1=G the contact term has only the diagonal elements

! F G’ N
(N(SI)GF|bl-SIN(S)GF) =y(—N*C *F{ 1N G]JN(NH)(ZNH)

X(=1)!T5CL(2G+1)(2G' +1)

I G' S
x[ 1s G] VS(S+1)(2S+1). (6)
The matrix elements of Eq5) are responsible for nearly all

of the 0.5 cm* splitting between th&=3 and 4 spin levels; Its diagonal element reduces to

=g[G(G+1)—I(I+1)—S(S+l)]. (5)

[F(F+1)—G(G+1)-N(N+L)J[I(I1+1)-G(G+1)—S(S+1)]
4G(G+1) '

(N,G,F|yN-SIN,G,Fy=—1y @
or specifically*°
Y

— 1 [F(F+1)—N(N+1)-12]
for G=3 and

Y

T [F(F+1)=N(N+1)-20]
for G=4. The off-diagonal element is

[Y(FNG)Y(ISG)]

G—1,F|yN-SN,G,F)= , 8
(NG-LFIN-SINGP=7 ) a6 D26-1) ®
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where
Y(abc)=+(a+b+c+1)(b+c—a)(a+c—b)(a+b—c+1). 9
The matrix elements of Frosch and Foley’s dipolar téfml,S,, can be calculated from those of the full dipolar Hamiltonian,
Haipolar= — iednint ~*V10TH(1)-TH(S,C?), (10
which are
<N’A’(SI)G’F|Hdip0|aJNA(SI)GF}
N+G’+F FG N 7
= \/30guagnpun(—1) > N G [VITHD2I+1)VS(S5+1)(25+1)(2G+1)(2G" +1)
S S 1
N’ —A’ [N 2N 202y, -3
X1 1> (-1 \/(2N+1)(2N’+1)L_A g AJAITCHr3A). (11
¢ G 2] °
The parametec is given by
c=3gugduun({A’[TE(CHIr 3A), (12)

where theq=0 index implies the second rank spherical componief8)(31,S,—1-S), rather tharcl,S,. It is easily shown,
with the help of Eq.(5), that the matrix elements afl,S, are obtained by adding-3c/4 and /12, respectively, to the
algebraic expressions f@=3 and 4 given by Eq(11).

The tensor expression for the quadrupole Hamiltonian, as needéd dtactronic states, is
F G N
2N G

s 1 g1 21+ 1)(21+2)(21 £ 3)
X[z G| ] ‘GZQQO\/ 21(21—1)

4
(
x(—1)N’J(2N+1)(2N'+1)k'3 g '3)

<N’(SI)G’F|eT2(Q)-TZ(VE)|N(SI)GF):(—l)'\”G'*F[ ] X(—1)'"*S*6"[(2G+1)(2G' +1)

(13

The matrix elements of the fufl " Hamiltonian are shown and the quadrupole coupling is as before. Theloubling

in algebraic form in Table I. terms inp+2q andd are needed for thdl1,,, substate, while
Since the two excited states at 13 079 and 13 343%cm the q term is needed fofll,,, where it is taken in the form

have such comparatively differe®’ values we have not F(q.x(J—1/2)(J+1/2)(+3/2) for thee andf levels, re-

attempted to fit them together, but have taken them as twepectively. Centrifugal distortion of tha-doubling param-

separate case] states. In the same way we have treated thesterp+ 2q is also required; its matrix elements are obtained

A %A, substate as an isolated cas® (tate. The Hamil- by matrix multiplication from the matrices dR? and Eq.

tonian used was (15). There is only one determinable hyperfine parameter for
a substate in casec); it is written ho=aA +(b+c)3.%
H=BR?~DR*+HR®+H p+Hmag ntst Hquadrupole Since the tensorial and algebraic expressions have been pre-

sented beford’-*8 they will not be given here.
A data set consisting of 879 assigned hyperfine lines

where theA-doubling is represented by from the 21,25, 2[4,~23 ", and?lly,~%As), transitions
was fitted simultaneously. In the initial stages only the w
HLDZE (p+zq)(\]+s+872i¢+\]_s_ezi</>) lines were included, but in the end the complete data set up
2 to N=14 could be used. A total of 29 parameters were

1 floated in the final fit, giving a rms error of 0.000 588 ¢n
-z q(Jie*2‘¢+J2,e2‘¢), (150  The final constants are listed in Table Il. For the ground state,
2 all six parameters are well determined. Only &3€q, con-
stants for the?ll,, 21, and?A., states were not well

the magnetic hyperfine structure by the Hamiltonian determined

Hmagnieal 1, +bl-S+cl,S, V. HYPERFINE LINE STRENGTH CONSIDERATIONS

The ?I15,~?As), subband near 12 850 crh shows the

1 . _
- 2i¢ —2i¢
* 2 d(1-S-e™®+1,S,e ), (16) familiar hyperfine intensity patterns for casa,f) coupling
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8366 Barnes, Merer, and Metha: Electronic transitions of CoC

TABLE |. Matrix of the rotational and hyperfine Hamiltonian foP&" state in casel(szs) coupling, where one spinning nucleus witk 7/2 is present.

|G=4,N) |G=3,N)

BN(N-+1)—DNXN+1)2+ 1—2[F(F+1)—N(N+ 1)—20]

7 7 3¢?Qq,
G=4,N bt —c—
( ‘ +4b+ 12c (c+ 12

3[F(F+1)—N(N+1)—19]—80N(N+1)
48(2N—1)(2N+3)

% ( eono) [F(F+1)—N(N+1)—15]
16 | 12 | T 182N-D2NT3)
V(F+N+5)(F+N—3)(N—F+4)(F-N+4)

)[F(F+1)—N(N+l)—20]

BN(N+1)—DNA(N+1)2— 1—y6[F(F+ 1)—N(N+1)—12]

) 9 9

G=3,N Symmetric —Zp— —c—| oy —=—=7
( \ Yy 4b 12c c+ 12

3J[F(F+1)—N(N+1)—11]—48N(N+1)

48(2N—1)(2N+3)

eQp

X[F(F+1)—N(N+1)—12]

2
(c+sei(i%)\/(F-s-N+4)(F+N+5)(N—F+3)(N—F+4) (—c+ef4q°) JFFN+4)(N—F+3)(F+N—5)(F+N—4)
G=4,N-2 J
( | V(F+N—5)(F+N—4)(F-N+5)(F—N+6) V(F+N—3)(F—N+4)(F—N+5)(F—N+6)
32(2N-1)\(2N+1)(2N-3) 32(2N-1)V(2N+1)(2N-23)
5e°Q0p’
(c—ezi%)\/(F+N+3)(F+N+4)(F+N+5)(N—F+2) (_°+ 14 )J(HN+3)(F+N+4)(N_F+2)(N_F+3)
=3,N-2 - —-3)(F— -
(G=3, | N-F B N-Fr B ETN-BE-NT5) V(F+N—4)(F+N—3)(F—N+4)(F—N+5)
32(2N—1)(2N+1)(2N-23) 32(2N-1)V(2N+1)(2N-3)
in both states. Th&(5/2) line is illustrated in Fig. 8, where Figure 9 shows the hyperfine structure of the two

it is seen that the strongest hyperfine components are thogg-components of the 1R(2) line of the 2[15,—X 2" sub-
with AF=AJ, and the intensities are smoothly varying func- pand at 13 079 cit. The hyperfine lines in Fig. 9 have been
tions of F. By contrast thé’Ily,—X °S* (bgs) subband at  |apeledr, g, andp, for AF=+1, 0, and—1, respectively. It
13 079 cm* has some surprising irregularities. Detailed cal-.an be seen that the intensities of thandq lines forG=3

culations of the line strengths show that these are the €%:ind those of the andq lines forG=4 pass through minima
pected patterns for transitions between statesaigy)( and with the r(F=2), G=3 and p(F=5), G=4 lines being,

(bgs) coupling; since transitions of this type have not previ- L
ou?y been studied in detail at hyperfine resolution it iscompletely absent. These minima can be thought of as result-

worthwhile documenting what happens. ing from interference between the transition moments of

TABLE Il. Rotational and hyperfine constants for the three analyzed electronic states of CoC. All values are in
cm * and quoted errors in brackets are three standard devidtions.

22 * ZA5/2 21_[3/2 21_[1/2
To 0 221.229 9771) 13 079.135 4Q18) 13 343.040 8(B4)
AA -952.¢
B 0.693 750 292 0.626 79951) 0.625 65612) 0.571 27%33)
y —0.041 11033
10D 1.52650) 1.7795) —6.80(14) —31.8772
10 H —4.71(48) —22.0144)
10° (p+2q) —17.11668)
1P Qe —1.2410)
10° Dy 29) —5.33072)
ho 0.040 4819) 0.023 2812) 0.027 5231)
b 0.128 80%83)
c 0.006 4421)
d 0.003 0312
10% ¢, 0.461(60) —0.5710)
€’Qqq 0.010 212) —0.002 §40) 0.003 314) 0.002 218)
ro/A 1.561 2 1.642 4 1.6439 1.720 4

¥Fit to 879 transitions with a rms error of 0.000 588 ¢in
bFrom wavelength resolved fluorescence experiment. See text for details.
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12854.7178 cm™

12854.8447 om™

42 54323 4 5 6
31

HF")  q(F") p(F’)

FIG. 8. Hyperfine structure of the(5/2) line of theI1;,—?Ac, subband of
CoC near 12 858 cnt (see Fig. 6.

130765671 cm™!

13076.4760 cm™'

|

aF) 5 4 3|2
PF) 5 43

1P G=3

8367

13073.9058 cm™'

130736705 cm™!

_
PIF) g 7 5014

oaF’) 5

FIG. 10. Observed and calculated hyperfine structure of the(@j2ine of
the 2[15,~2* subband of CoC near 13 079 Ch Intermediate spin cou-
pling is used for the ground state rotational-hyperfine wave functions.

9

=

11 12 13 14

—

cm™
—
—
—
—

FR(11)
G=4

nF’)
q(F’)

e
13076.0883
|
-~}
130758850 cm™t

T

| 3
aF) s 4 3| 2
nF’) 4 3 2
1PQ)G=4

FIG. 9. Observed and calculated hyperfine structures ofth& andG=4 components of the 1”(2) line of the 2[15,~?3* subband of CoC near 13 079

cm L. Pure casel{zg) coupling is assumed in the ground state.
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8368 Barnes, Merer, and Metha: Electronic transitions of CoC

what would be thé Q,, and P, branches in the absence of cannot be used directly with our energy matrices, since the
nuclear spin. derivation uses the “rithode des Moments Inversé where
The line strengths for transitions where one of the stateghe choice of phases is not consistent with Sec. IV. We have

is in case 0ss) coupling37have been considered bynf@ias  rederived the expressions so as to be consistent and obtain
et al™ and Brownet al”®’ The more complete treatment is o case &45)—(bgs) line strength factors as

that of Ref. 39, but unfortunately the formulas given there

(' A" S’ QNFE|TH ) 7A;NA(SI)GF)

=§ (—1)NFSHIFF (2J+1)(2G+1){:\'FSGJ}(—1)J’+'+F+1¢(2F+1)(2F’+1){JF’ FJ '1]
J S N e J o1
x% (—1)N—S+wm(Q e _A)% (-1 \/(2J+1)(2J’+1)(_Q, q Q)
X(n'A";S'S [ To(p) | 7A;SE) bss - 17

In this equation the unprimed quantum numb&ré), and>  the two branches there can be no hyperfine intensity cancel-
are dummy quantum numbers that occur because the cakion for ther-type components, but there happens to be an
(bgs) state has been expanded as a linear combination @xact cancellation for the p-type components at
case Dg;) functions, which are themselves constructed fromF’ — F”=4-5. For theg-type components, thaQ, , contri-
case @g;) functions; they are not useful for classifying the bution passes through zerofat—F"”=3—3, in similar fash-
energy levels, but allow an interpretation in terms of moreion to the intensity cancellations found in oW branches
familiar quantities. of case @) —(azy) transitiond® for large values ofl;

To calculate the line strengths for Fig. 9 numerically, thesomewhere near this point thgtype hyperfine intensity,
71 state functions must be written as Wang combinations ofjiven by the square of the sum of th®;, and P, contri-

signed quantum number basis functions, e.g., butions, must therefore pass through zero. The weakest
g-type line is in facF’ — F”"=3-3, since thé Q, , rotational
1 3 line strength factor is much greater than fgfactor.
2 ’ _n—1/2 1.5 _ 1 r— _
*l52,",€)=2 [ A=132= 2"J A 2> Similar considerations hold for th&=3 component,

with the difference that the p-factors add for thep-type
1S — 1 'O — E hyperfine components but subtract for theype; there is an
A=-1% J,Q . (18 :

2 2 exact cancellation for th&’ —F”=3—2 component. In the
1/2P branches of &I1,,~X 23" subband the signs of the
rotationalP andQ branch line strength factors are opposite,
so that theG =3 hyperfine intensities behave roughly like the

+

This is no complication since there is only one electronic
transition moment acting,

1 1 G=4 intensities of Fig. 9, and vice versa. The exact patterns
,uL=<A=1,2= 5‘ Ti(,u)‘A=O+,E= §> are of course different because they reflect the secopd 3-
symbol of Eq.(17), even though the §-symbol factors are
1, . 1 the same.
=|A=-12=—5 T2 (W)|A=0"2=—5), The calculated intensities shown in Fig. 9 assume pure

case bgg) coupling in theX 25" ground state. At this loWx

(19 value,N=2, the degree of uncoupling to cade,() caused
so that the two terms from Ed18) give the same result. by the spin—rotation interaction is negligible. Figure 10 illus-
SinceS=1/2, the sum over the dummy varialdlén Eq.(17)  trates theG=4 component of a higheN line, 1/2P(4),
consists of two terms, which correspond to the line strengtiwhere this uncoupling is not negligible. The calculated inten-
factors for the”Q;, and P, branches of a transition where sities in Fig. 10 have been derived using exact intermediate
the hyperfine structure is negligible. In the present case theoupling rotational-hyperfine wave functions, obtained from
hyperfine line intensity is proportional to the square of thethe eigenvectors of thex2 matrices given by th&=3 and
sum of contributions from the two rotational branches, wheret components for givemN and F. The main effect of the
each is scaled by the psymbols of Eq(17). uncoupling is in the highr lines, where it makes the inten-

The way the scaling goes can be illustrated for@we4  sity minimum in thep-type hyperfine components more pro-
component. The product of the j6symbols for the"Q,,  nounced, in better agreement with experiment. At higker
branch has the same sign as that for Bhebranch in the values there is no minimum in thgtype line strength pat-
r-type hyperfine components, but opposite sign inghlgpe  terns, because the intensity cancellation effect of Ref. 40
components; since the sign of thg 3actors is the same for only occurs whenJ is less than. The match between ex-
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periment and calculation is not as good as in Fig. 9; it seem$his value is significantly larger than both the atomic and
that saturation effects distort the experimental intensities omolecularbg values and indicates that tlad initio value of

the strongest lines, as we found also in recent spectra of Fe®7,(0) is approximately 25% too large, as has generally been
taken with the same apparattls. found for Hartree—Fock calculations.

B. The A 2A state

Apart from its rough position and vibrational frequency,
VI DISCUSSION we have no information about tHe\,;, component of the

A. The X 23* state A 2A state. Therefore, althougdh, can be obtained from the
%Ag;, component there is insufficient information to obtain
the hyperfine parameters separately. It seems clear that the
A 2A state arises from the electron configuratid®)(90)?,

A 23 state in caselfzs) coupling must always uncouple
toward case lf5;) with increasing rotation because of the

spin—rotation interactiof’ Figure 4 shows the hyperfine lev- _ . .
b g yp as we can verify by comparing with the Co atom. The hy-

els of theX 227 state of CoC plotted again®t, using the ) 4
final parameters from Table Il. The uncoupling is com ara_pe_rflne parameters for theddrbital of Co have been deter-
e s Pa' hined to bea®=0.0206, al’=—0.007, anda?=0.0286

tively rapid in CoC because of the large value of the spin— " which are equivalent ta, b, andc. If the 3ds
l l F .

rotation parametey, and is well on its way to completion by grrrl?)ital is purely atomic in character, we can predict
N=20. The hyperfine energy order is opposite in the two ’
VP 9y PP hs,=0.0472 cm'. The observed valuehs,=0.040 48

spin-components, reflecting the difference in sign of the di- . . .
P b g d m 1, is 86% of the predicted value. This value can also be

agonal element ofN-S for G=3 and 4. With increasin : oo . ;
v N g checked againstb initio calculations of the radial expecta-

rotation, one of the nine hyperfine levels wih=4 must i lue. Si v th . lect tribut
always move across to th&=3 group, where there are lon value. since only the Unpairetv electron contributes,
¢ Will be zero. We can calculate andc from

seven levels. This is because the two electron spin compc?—
nents in caselds;) coupling must have eight hyperfine levels
each. Wherb and y are of opposite sign, as in Fig. 4, the __HMo -3
level that moves across i5=N+4; whenb and y have the 2 4mhc X QOnkBHN(T)ag @)
same sign the level that moveskhs=N—4.

It is no coincidence that the level patterns of Fig. 4 lookand
exactly like that for the Zeeman splitting of’8 atom with

I =7/2 (see for example Fig. 1.3 of Ref. 42In both cases 3 o 1

there is a scalar coupling of the electron sfitio a vector C= 5 X amhe <25 < 99BN

whose magnitude can be varied; in the Zeeman case it is the

magnetic flux density and in Fig. 4 it is the rotational X(3 c0$ 0—1)gs(r *)aa, (22)

angular momentunN. The only difference is thaB is con-
tinuously tunable, whereas corresponds to discrete rota- Where(3 cos 6—1),5 is the angular averadé These expres-
tional levels. sions give

Turning to the hyperfine parameters, the experimental
Fermi contact parameterpe, for the ground state is 4.63 _
be=b+¢/3=0.130 95 cm®. Given that the ground state a=0.003 186 ZRWXG'”OZO'OZBS cm*
comes from the electron configuratiéhd)*(9¢)?, this value
can be directly compared with the value bf=0.147 12 gnd
cm ! for the 4s orbital of the cobalt atom obtained from

atomic beam studie€€. The molecular value is 89% of the 3 4.63 —4

atomic value, indicating that thes9orbital is almost com- c=5%0.003 186 25<7—/2 X—=-x6.710

pletely atomic 4 in character. Since the experimentapa-

rameter is small and positive, it is likely that the ground state =-0.0243 cm?,

contains a small contribution from an electron configuration

that contains an unpaireddd electron. resulting in anhs, value of 0.0444 cm', in remarkably
We can also predict a value d&f- from the ab initio  good agreement with the experimental value.

value of W2(0) (Ref. 44 using the expression Since thes*s! X 23" and 8%? A 2A,), states are almost

degenerate, the energies of the two orbititlsas much as
mo 8w 1 orbitals exist must be essentially equal. The spin—orbit pa-

be= e <3 Xz_nggN'“B“N(\Pz(O)MS (20 rameterAA (A 2A)=—952 cni't is very similar to those of
the Co" ion and the diatomic molecules CoH and CoO.
to calculate For comparison;—2¢ (3d)=—1072 cm * for the Co" ion,*®
(413 AA=—-971 cm ! for the X 3® ground state of Cot’
and 3AA =-997 cm ! for the X A ground state of Co®®

aw .
be=0.003 186 25<? ><7—/2><5.233 (The numerical factors here arise because of the different
spin and orbital angular momentum quantum numbers of
=0.1848 cm?®. these different states.

Downloaded-20-Apr-2011-to~192.43.227.18 ~RedistribuG RIS BE- /ol EO3ic MO % LR NOVEMPEE9R1 n - jcp.aip.orglabout/rights_and_permissions



8370 Barnes, Merer, and Metha: Electronic transitions of CoC

whose electronic wave functions are mixtures of Slater de-

5000 terminants. Experimentallysee Table I, h;, is less than

B-om2 hy/,, which argues against configurati¢).
4 e T B0 v Configuration(A) is not ruled out, but attempts to repro-
B-052 Bl oy B=0Sss duce the hyperfind parameters from thab initio values of
14.000— 0% . 14140 14071 3 yp > P .
13950 (r )34 and V,(0) are only partially successful. For ex-
T B0, g B0 =0 ample, the & orbital containing the unpaired electron is ex-
13000 R B0, pected to be a mixture of carborp2 and cobalt 8,
25+ My Ly =312 |37)=N|Co,3d7)+1—N?|C,2pm), (25
E/cm’ = whereN is a normalization coefficient; the cobalt hyperfine
parameters are then estimated to be
Mo -3 2
= X r N
3000 , a A7hc ggnmBHN(T )ad
i w8 N Tem =0.004 22<(r 3)54N?
2.000— ——v=1 N B —
R CIDAN IR be=0, (26)
1 3 Mo
- v=0 — _ -3 2
1 000— =5 v (1173) 1059) v=1 c 2 X4ﬂ_hcxggNlu“BMN<3 CO§ 0 1>d17<r >3dN
T N smosr =0.001 81X (r 3)54N2.
B=0694 _ @21 . _ _
0= v=0 With (r 3)54=6.710 a.u.3, (3 cog #—1),.=2/7, and N?
- 2 2 3d dm
z Asp Asn taken arbitrarily as 1/2, corresponding to equal mixtures of

the two atomic functions in Eq25), we obtaina=0.0141

FIG. 11. Energy level diagram shovg;g thg v/igrlatiorral levels of CoC ob-cm™* and ¢=0.0060 cm! to give hy,=0.0171 and
. ~1 : - o fai

et vl e g g 2o v e 00141 c’ respeciuey. Ths valo i s fay
reported by Ref. 22. close to the experimental value, but the agreemenih fgris

poorer.

It seems likely that the 13 343 crhand 13 079 cm!

levels are indeed the=0 spin—orbit components of tHe&I,

C. The *II states state coming from configuratiof®). Consistent with this is
The various electronic and vibrational levels observed irfh€ negative sign of the spin—rotation parameter of the

this work are shown on the energy level diagram of Fig. 119round state which, in the unique perturber approximation,
The intense bands at 13 079 and 13 343 tand the weaker indicates that there is a low-lying invertétll state. How-
bands of Fig. 7 go to the groups of levels labefélland  €Ver, interactions with the_nearBE+ excited state at 13 950
Q'=3/2 in this diagram:; in view of their irregular spacings CM — appear to be affecting thi1,,, component severely.
and rotational constants the assignments given must be coppecifically, such interaction should lower tBevalue as

sidered as provisional. observed.
Three electron configurations give rise to low-lyifig As for the()'=3/2 levels at 13 428 and 14 071 cfhwe
states, namely, have grouped them together because of their sintlaal-
ues. Their separation of 643 ¢this slightly low for a vibra-
(3m)3(16)%(90)? 2Il;, (A)  tional frequency of a state witB~0.55 cni %, though not
BmALo)Hamt 2 B) unduly so in view of the irregularities in the other nearby
r levels.

1 1 2 4 2 4
(3m)*(18)%(90) (4m)*  “M(also “IT;, @i, “@). (C) | SUMMARY AND CONCLUSIONS

The evidence for choosing between them lies in the spin—  This work reports high resolution observations of elec-
orbit structure and the measurbg parameters of théll;,  tronic transitions of CoC, bringing to two the number af 3
level at 13 343 cm! and the?Il,, level at 13079 cm®. We  metal monocarbides now characterized rotationally. The
find no further? levels below these two in our spectra, ground statg90)® X 22 has a large contact hyperfine pa-
which suggests that they form the=0 vibrational level of rameter, which produces an unusually good example of
an inverted I state, though clearly heavily perturbed be- Hund's case fzs) coupling. The energy level structure has
cause theiB values differ by more than 0.05 ¢th This  been explored in detail, as have the hyperfine line strengths
observation rules out configuratidi®). Configuration(C), for transitions to’Il states. A very Iow-Iyinngi state from
with its unpaired 4o electron (9¢), should have a large the configuration(18)® has been found. 1t8A,, component,
positive Fermi contact parameter, such thag should be  which lies only 221 cm? aboveX 23", v =0, is sufficiently
much larger thar,,. It is not possible to calculate its exact populated in our experiments to allow high resolution fluo-
value because the configuratidiom gives two?Il states, rescence spectra to be taken. Various excited states have been
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observed near 750 nm. Among these are what appears to
a heavily perturbedI]; state; its exact nature is unclear and
must await detaile@b initio calculations.
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