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‘ABSTRACT

Atoms of the oxygen group form diatomic molecules with a multiplet

- ground state. Of these, O, and S, conform to Hund's (b) coupling and

2 2

have an appreciable magnetic moment, whereas Te, is better described as

2

having case (c) cdupling with a very small effective magnetic moment.

Although the Se, molecule is intermediate between these two cases, it is

2

closer to case (c) than to case (b). A method of calculating the magnetic
moment and Zeeman effect of a molecule of this series with Hund's case (c)

coupling is deécribed and applied to Se The calculations result in a

9
value of 5.97 x 10—2 Bohr magnetons for the mean effective moment of the

Se,, molecule at 1000 K. in a field of 14 kilogauss. This value was found

to be consistent with the results obtained experimentally by the use of

a molecular beam deflection technique similar to_that_of Stern and Gerlach.



INTRODUCTION

Elements of the oxygen family are among the relatively few whose atoms
have an even number of electrons and yet form diatomic moleches with a mul-
tiplet ground state. Lighter members of this seriés_of diatomic molecules,

such as O , appear to conform to Hund's case (b) coupling, but - as

2 and's2 .
the molecularvweight increases the coupling shifts fpward Hund's case (c).1

2

notation appropriate to Hund's case (b). For progressively heavier members

For 0, and S, the ground state can be deséribed'as'anE; state, using the

of the series two of the components of the triplet'mbve up in energy relative

lﬁ‘hi'gher.2 The ground state

to‘the third until for Te2 they are some 2800 cm
is then the 1owblying singlet denoted the OZ state, and the two higher
components coﬁstitute.the doubly degenerate lg'stdﬁe;' One effect of the
change in the type of coupling is the reduction in fﬁe effective magnetic
momenf of the molecule which results from the strong;r coupling of the spin
with the intefnuclear axis.

_ As might be expected, Se2 is intermediate bet.weenlo2 and S2 on the one

+

hand and Te2 on the other. The splitting between the_Og and the'lg states,

as determined by Barrow.and coworkers ffom spectroséopic measurements,
is 366.6'cm-1, The'lg étate will therefore have an appreciable pdpulatibn,
above 500 K.‘_

A previous attempt in this laboratory tovméésure the magnetic moment

" of the Se2

to detect a measurable moment.4 This low moment was erroneously attributed .

molecule by'meané of the teéhniQUe of Stern and Gerlach failed .

to a large energy gap between the 0; and the 1g states. Since then we
have carried out a calculation which indicates that the effective magnetic-v

moment of Sez‘is of the order of several hundredthsagf a Bohr. magneton,
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and an attempt has been made to verify this value experimentally with an
improved apparatus. What follows is a description of the caIculations and

the experimental results.



A

CALCUiATION OF THE ZEEMAN EFFECT AND THE MAGNEfIC MOMENT

If a mdlecule_in a particular quantum,étate with a magnetic moment
E isvsubjected to a magnetic fieid ﬁ, thé_changé‘in énergy'of that étate,
AE, is.giveh by the relation, AE =.-ueff.Hf Where:ueff is the:component of-
43 in the direction of thé field. AE is then the énergy associated with
the Zeeﬁén éffect. Calculations of AE apd ueff for the‘groundvelectronic
states of Sez were carried_ouﬁ using the techniqﬁe'dutlined by.Hougén.s

In the absence of a magnetic.field,'the Hamilton;an for the Se2

molecule consists of two parts, the rotational term and the spin*spin'

interaction:

' . 2. . 2 -. ->+"Z
H=B[Os)°+ G571+ 2GH,

2 2. .2.2, L2
B [1°-37 + s°-57] - B(I,S_ + JS,) + 2s],

where B, J and S are the rotational constant, the tbtal angular momentum
operator and the spin operator, respectively. The subscripted quantities
J,J3,J, S ,5 and S are operators corresponding to the components
x’ Ty z’ "x Ty z . . A

of the angular momentum and spin in the coordinate directions, and the

operators J+,_J_;,S¥'and S_ are defined by means df'the relations,

J,=J *1iJ ;s +S*1is.

_ ox Ty # X y -

These refer to mbleculeffixed,axes with the z difecﬁion along the inter-
nuclear axis. The uhit vector along the internucléar axis is';, and A

is a constant equal'to half thé separation in energy between the O+

and 1 states.

We use as basis functiéns,the.ﬂund's case (a) QaQe fﬁﬁctions deﬁoted
by IASZ;QJM>, fhe,notation being that of Hougen,5 witﬁ the symbois Having
their usuél significance relative to the various conStipuents'of the angular

momeﬁtum. For the statés of Se, under consideration, A = 0, § = 1, ‘and



I= Q=0 or *1. ﬁatrix elements of the operators for these basis functions

are alsp givén by Hougen.5 The energy levelé and first prdér wave functions
are given in Téble 1. State 1 of the table correspéﬁds to the 0; state, and
states 2 and 3 to the lg state. For homonuglear diatomic molecules, onlf level
with odd N are allowed, where N is the total angular momentum exclusive of
spin. Henée'J'will be even for‘the rotational levels of state 1 (J =N - 1)
and state 3 (J - N + 1), and odd for those of gtate 2 (J = N).

We nuw‘iﬁtroduce the magnetic field as a perturbation. Only states of
the same parifyvand nuclear statistics will be miXea by the magneéic field.
The‘appropriate selec;ion rule is AJ = 0, .*1. For thé O; state AJ = 0 is
sufficient since states of proper symmetry with J differing by %1 are some
367 ém—l higher;‘ For the 1g state, however, states éofresﬁonding to AT = #1
with the proﬁer symmetfy are ohly a few wave numbefS'distant, so the secondv
order Zeeman»con;ributions must be considered as well; The perturbing
Hamiitdnian is,

| H = ZuB H SZ’

where pp is the Bohr magneton and S, the projection of the spin in the

Z

direction of ché field, given with reference to laboratory-fixed coordinates.

A transformation to molecular coordinates is carried out by means of the

direction cosine matrix a:

H' o= 2u, H[O.Zzsz +1/2(0,,S_ + o S)].

. The o matrix elements are given by Townes and Schawiow6'and by Hougen.5

Table 2 lists the matrix elements of S_ in terms of the basis function

z

'éet. From these and the wave functions of Table 1 the first order contribu-

tions to the magnetic moments of the three electronic states are found to

bevthe expressions of equations (1). The first order Zeeman effect is the
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product of these moments and the magnetic field. =

M I .
Wy (LM = T DM ' (1)

. 1 : '
D3(J,M) = 2M [STE*I—I)f 25]UB-

In these expfessions 6§ = B/A = 4.90 x 10-4.‘
Since the éverage value of M for a giveh value of J is zero,‘the mean
moment is zero also. However an estimate of the meén-ébsoluﬁe magnitudé
_of £he momentvéaﬁ be_obtained.by substituting for M.ité mean absolute value,
JJ + 1)/(27 431), summing or integrating over J,:and dividing by the
rotational partition function (approximately 3860_ét i0O0 K.). The values
- thus obtained aré; in hundrgdths of a Béhr magnet@h,-7.63 for étate 1,.2.01
fof.staté 2 and 6.64 for state 3, at- 1000 K. At thié same temperature thé ﬁéan
overall valué for the equilibrium mixture of the three!states would bé 5.83 |
i 10-2 Bohr magnétons. | o
For the lg stgtes (states 2 and 3) the second order éontributions must 
also be considered for the reasons mentioned previouély. The Hamiltonian is’
ﬁnchangea and thé-second=ofder terms for the magnetic:ﬁoment are given by
: L, v<2;J,MlSZI3;J-1,M>2 <2;J,u|ézl3;J+1,M>2
My (J.M) = hug H [ E, (D) '_»E3(_J—v1) + 'EZ(J) E,G) ] .

relations of the form,

A si@ilar expféssion gives.u;(J,M); except that theinumber labels afe inter-

. changed on‘the energies.énd on the spin matrix eleﬁéﬁts. In these expreésiéﬁs
“the éleqtronic.paft of éach state is labelled by‘the number of the s;até

only. The energies are thqseiof:TabIe 1. The matrix elements can be evaluated

from Tables l_énd 2 with the following results:



)=
N -
~
(4]
=
e’

t

O T(J+1,M) 1 5 -2
E,(J) - E,(3+1) {J + 1 -
+ T(J’M)v ' 1 + & ’ ‘4.2 H
E,0) - E,(3-1) |J Hg s
3 h
‘ )
,, _ CT(J+1,M) 1
Hy(d,M) = [E3(J) “E,GD (T +1 + 6)
' 2
T(J,M) 1 2
+ E,() - E,(3-1) ( J 5) ]4“3_ H,

(J+1) (J-1) (J+M) (J-M)
(2J+1) (2J-1) '

where T(JI,M) =

(3%-1) (32-m?y .
41221

Even for a field of 10 kilogauss these second order moments are consid-
erably smaller than the first order moments. Since they are functions of
M2 rather than M they are independent of the sign of M and so will not be
symmetric about zero as are the first order moments.
- From the above it is evident that the magnetic‘moment and the Zegman'

splitting of the Se, molecule are determined primarily by the first order

2

perturbation terms. Although a few molecules will have a moment of the
order of one Boﬁr magneton, e.g. those with J = 1, M =1, in the second
electronic staté, most will have a moment conéiderably‘smaller.

The disfribution of total moments among the mpleculés at 1000 K. and a
field of 14-kil§gauss was calculated by means of a cbmputer and'the results
are shown in the graph of Fig. 1. This shows the predominaﬁce of very low
valﬁes as well'as the slight skewness caused by the second order contributions.
For each of the electronic states the mean absolute value qf.the momeﬁt was

also calculated as was the mean absolute moment of the equilibrium mixture

of states. The values are only slightly different from the first order moments
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calculated previously. Given in hundredths of a Bohr magﬁeton, the mean
abéolute»value for state 1 is 7.67, for state 2,'2‘29,‘for state 3, 6.75,

and for the equilibrium mixture, 5.97.
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-EXPERIMENTAL
. The apparatus used in theéévinvestigations, shown in Fig. 2, is essentially

that described previously,4 except that a chopper and lock-in amplifier have
beenvadded_and; the-collimating channel has been reéléced by an adjustable
slit. In the same manner as before, measurementstf the beam profile
obtained with the magnet on were compared with meésurements obtained with
the magnet off. The slit width of 0.016 in. (0.041 gm) was approximately
two thirds tﬁe'width used previously. Cadmium se1enide heatedvﬁo 1125 (*5)
K. provided ﬁhe'beam of Se2 molecules. The magnet field stfength and gradient
were 14 kilogauss and 55 kilogauss/cm reépectively. Ten scans were made of
the beam préfile with the'magnet off and an equal number with the magnet on,
each scan consisting of 22 individual measurements. -

Because of a small.variatioh in beam position and intensity with time
in the course. of a run, ahd also because not all the écans were made at
the same time, it was necessary to center and-normalizg the data for each
scan. By means:of a computer a curve was fitted to the measuremeﬁts of the
undeflected bgém (i.e., those made with the magnetloff) using tﬁé method out-— .
lined by Deming,7 The curve used was a truncated Fourier serieé of.the form,

| | I(x) = a, + alcos[w(x - xé)] ,

‘where # is the cpordinate along the width of the beaﬁ. This curve provided |
a reasonable fit to the theoretical beam profile..‘Once the values of a,» |

al, w and x. which gave the best fit were found, these were used to adjust

0

the data. The centering consisted simply of subtracting X from each of the
position readings so that the beam profile was effedti#ely centered at
x = 0. The normalization involved two steps: First, the quantity (a0 - al)

was subtracted from the intensity measurements so that these profile intensities
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were feferred.to a zero base line. Next the inteﬁsities were multiplied

by thevfacgé; $O/a1 to give the undeflected beamvpfofile a nominal maximum

of 100. -Thé_width of the profile wés also adjustéd by means of the parameter
w which is equal to the quantity ﬁ/w where w is.the width of-the profile

at half the maximum intensity. Multiplyiﬁg the fQSitiOh values by the factor
48w/m resulted in a profile with w nominally equai'to‘48 thoﬁSandths of an-
inch (04122 cQ).v.Although the_paraméters‘used ih tbese adjustménts were
obtained f:ém measurements of the undefléctea beam profilesronly, the cofrec—'
tions were applied;tq data obtained with the magnefboh as well.

The ten pairs of scans resulting from the adjustment procedure were then
averaged by ﬁéans of ‘a graphic method. First, thé"édjusted data for each
scan wére plotted and the points connected by stfaight lines to . give a line
. plot 1like that of Fig. 3. Readings were thén tékeﬁ:from the plot at intervals
of 0.004 in. (0.01 cm) and the teh'readings for each position were averaged.
This was done éeparately for.the undeflected beam and for the deflected beam.
The result of this is shown in Fig. 4. The standard deviation of‘eithef
curve is 3 to Qluﬁits for the center portion, incféasing tovS'fo 6_units
for the extremities. -

In the gﬁdeflected profile a bump or shqqlder.is present‘at a distance
of about 40 thouséndths of an inch (0.1 cm).ﬁo thélieft'of beémxceﬁter,;:
Since this ié thé position of one of the magﬁét polepieces it seems likely
that ihterférence or séatteting from‘thié.pqlepiece is responsible. wév
héve no e#plaﬁa£ion fot the lack of this feature on the other profiié. Thé_
slight asymmetty in the defiected beam profile is caused by the non-uniform
field gradient. |

Thevsimplést'method of comparing the experimental results with the theo-
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retical oﬁes is to caiculate the‘decrease in signal intensity at the center
of the beam which would result from the deflection of Se2 molecules.by the
magnetic fiéld.sA For a distribution of moments such -that of Fig. 1 the
problem can be managed by a computer. Under the ekperimental conditions
given above the signal shogld decrease by‘about ll%'ét beam center when the
magnet is on. - The experimentally obtained decrease shown in Fig. 4 is

7.5 (¥4.5)%, which is within experimental error. AlthOugh the distribution
of Fig. 1 is fér a temperature of 1000 K. and the meésurements were taken
at 1125 K, the effect of the temperature differeﬁceVShduld-Be well within

experimental error. In any case a correction for this difference would tend

to improve the agreement.
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DISCUSSIbN N ,
From the‘results reported here it appéérs that ﬁhe magnetic mémenf of
a diatomic molecule which éonforms faifl& cldselyftorHundfs éase (c) in
its’éoupling, such as Sez, can be.calcula£ed with-reasonablg ac;uracy by .
the method outlined. It is,ciéar from the theﬁre;iéal results that ﬁhe
small effectivebmomeﬁt of the Se2 molecule as coﬁpérea with S2 or_Ozvis due
vprimarily to a change in the:type'of coﬁpling rather'thanvto a shift in the
relative pnpulations of thé electronic states cauSéd By the largé differences_'
in the energiés of those states. |

The extént,to which the change in the type éfuébupling~affects the mag-
netic moﬁent can be seen clearly by éontrasting the results obtained with
_sez, shoﬁn in Fig. 4, with some results obtainedvin fﬁis laboratory with SZ’,
shown in Fig. 5. Although the experiment#i conditiohs for the S, measurements
were somewhat different (H =5 kgauss,‘VH = 27 kgaués/cm, T = 965 K, slitv‘
width = 0.010 in. = 0.025cm), the difference‘betweéﬁ the two sets of results
is due primafily to the difference in magﬁetic momeﬂfs. ‘The data of Fig.
'5 show a differénce of 607 in the infensities at .the beaﬁ cénter; whicﬁ
indicates a mean absolpte magnetic.moment of af least O.3»Bohf ﬁagnetonsg
a value five tiﬁes that of.Séz. | :

The calcUlatibnél method outlined herevand tthfofﬁulae caﬁ'be épplied
directly to other diatomic molécules'cohsisting.of atoms ffom the okygen_'
family, prdvided tﬁaﬁ fhe value of §=B/A is'teasohably small énd thafvthe

rules concerning hetero- and homo-nuclear molecules are observed.’
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Table 1. Wave Functions and Energles of thevog

and 1 States of Se
g 2

State Wave Functions Energies
1 (o;) [1;0M) = |o10;00M) + %é%’(|011;1Ju> + ]01-1;-20) B, (3) = BLI(I+1) +1] + A - [-B)2 + 4823 (a+1) /2
3 i _l.. . .
2.1y [2;0M> = /7 (|011;10) - |01-1;5-10M)) E,(J) = BI(J+1) + 2}
1 | | | | )
3. |13:90 = V7 (0115100 + [01-1;-10) - €(3) |010;000) [E,(3) = BLI(@+1) + 1] + A + [(x-B) 2+ 4827 (g+1) 1172

A = 183.3 em 1; B(o;) = 0.08977 cm 1; B(1) = 0.08997 emL; from references 1 and 3.

e(3) = B/ITH)

A -8B

0

-g'[_

V4

0 ¢

i

geooe

9



Table 2: Elements of the S, Matrix: (012';Q'J'M'|SZIZ;QJM)

Z'

41

~

Note: =L, Q'=L' in all cases.

JRRUSOIPS N SN

L=-1 I=0 L=+l
J' = J+l _.
1| ol L) heD) (-M+1) 12 L [(341) (342) (JHl) (Tml) | 1/2 o o
FU @D I 203+ (2343) 1 | AT |
0o | -2 [J(J+1)(J+M+1)(J-M+1)j vz " 0 1 tJ(J+1)(J+M+1)(J—M+l)] 1/2
' O JHL . 2(2J41)(2343) - - _ J+1 22341) (23+43)  °
o 1 (J+1) (J+2)(J+M+l)(J—M+l)]1/ 2 1 (L(042) G4m) (Jel) 1/2
+1 51 [_ 2(2J+1)(23+3) J+1 (2J+1) (2J+3)
g =g
1 M : Y 0
. I3+ [23(3+1) 12 |
. M . M
[23(3+1)11/2 0 (23 3+ 1Y%
+ 0 M o
| raae 2 ‘.J__(Jfl)
| J=3-1
1 1 (G U-D g (J-M)j’”? _ L gum) e o M2 .
N (2J+1) (23-1) = - 2(2J+1) (2J-1) ’
o | L g@HDGsnQ-m 1/2 L JUHDEH0 g 172
- T e e o 0 7 rernen !
| T [J(J—l)(J+M)(.]—M)j 172 TG 0D GR) G1),1/2
. T Toern @ T TR (23-D)
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FIGURE CAPTIONS
Fig. 1. Distributions of magnetic moments of the Se2 molecule. in a
© field of 14 kgauss.
Fig. 2. Diagram of the ébparatus.
Fig. 3. Normalized and centered beam profile for.scaﬁ’No. 7.

Fig. 4."Se2.beam profile.

Fig. 5. s, beam profile.
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~ Distances- .
Knudsen cell to coll. slit-21 cm,
coll. slit to det. slit-4lcm.
total beam length-70cm.
Adjustable
detector slity

_ : | Inhomogeneous~ - Adjustable
Mass filtery field magnet— ~  collimating

m_Jrm Am s

% ' | /KnUdsen cell
source —,_
3 D | ”r)' F‘
Ef \ \ <
= ' Chopper
Il To I ] w

pumps pumps

Inhomogeneous -magnetic - field molecular ‘beamj apparatus.

XBL702-2352

Fig. 2
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