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TER 2XMA PONOMZOR AND KaAtiIC PPWONCO

lFollowiz '1s the translation of Chi br l1i of the
Rausian.language book'by M. A. !el'yashevich,

g moekugyarnews spekt koi'a (Atomic and Wlecua
Sectrosco7y), Mscov, 1Q, State Publishb in ouse
for Pbysico-Mathentical Litrature, Pes 367-408.1

In a magnetic, field degenerated levels of energy of the atom
are separated into nonegenerate sublevels. ?.is results in magnetic
cleavage of the spectral lines correspcadng. to the trunition between
various energy levels into tmvaV cowponent levels, end to the appear-
aice of forced transitions between sublevels of a given level of
energy.

The phenomenon or cleavage of spectral lines and energy levels
in a magnetic field is called the Zeeman enomenon. Zeeman first dis-
covered (in 1896; af. Paragaph 1.6, pap 3) dilation of the N& 5890-
58096 A doublet line (first member of the main series, of., for example,
pae 22) in a mapetic field; later he observed not onl7 dilation,
but also cleavage of spectral lines. Lorantz explained this on the
basis of the classic electron theory as the result of cleavage of the

* frequency of vibration of an elastically bound electron of the atom,
and it was not until later that it vas interpreted in its naturel form,
on the basis of the Bohr theory, as the result of clevage of energy
levels. At present the terA "Zeema phenomenon" is applieA to the
splitting of both spectral lines and energy levels in a magnetic field
(vhich alread has been mentioned.In. Paragra 1.5, .p . 31)., st
of the Zeeman phenomenon, or effect, In the spectral lines of atoms in
both tAe visible and ultraviolet rane plaed a eat role in the
development of the science of atomic structure, particular3Y in the
period folloying the developmet of the Bohr theory. At the b resent
time investtgation of the Zeeman effect in spectral limes of aton is
one of the most important methods' of deterining the characteristics
of the energy livels of atoxnm and grest3l facilitates interpretation
oZ complex atomic spectra; study of the Zeezan splittixg of spectral
lines also enales acquisition of valuable dsta on magnetic fields in

Llight souces, particularly in study of the &m, its magnetic fields
and sm spots.



Forced transitions between Zeeman sublevels of a given energy
level occur under the effect of irradiation of a frequency,equsl to
the frequency of the possible transitions, i.e., in the case of reso-
nance, and this phenomenon Is called the magnetic resonance. The fre-
quencies of transitions between Zeeman sublevels lie in the xadiofre-
quency renge of the spectrum and an studied by radiospectroscopic
methods (40, 41). YaetIC resonance first wa isovsred in 1938 by
Iabi and his associates (24 ) in molecular beans , . Be first discov-
ered resonpee transitions between sublevels of Zeemn splitting for
the hydrogen molecule, caused by the magnetic. moments of the proton
and deuteron, and then in 1940 (244) he observed transitions between
sublevels of Zeeman splitting in toms , caused by electron magnetic
moments of atoms. The study of magnetic resonance, both electronic
and nuclear, in atomic and molecular beams is very coMAplex in its
experimental mthodoloo, and investigation of this phenomenon began
to expand -only after the discovery by Zavoyskiy in 19414 in Kuan
(245) of electronic parmagtic resonance, absorption of microwve
irradiation by a, substance due to transitions between sublevels of
Zeeman splitting connected Vith the electron magnetic moments of
particles of the substance (determined by the paramagnetic properties
of the substance, hence the na "paramagnetic" resonance); an anal-
ogous phenomenon of ferromagnetic resonances is observed in ferro-
m4netic substances. Nuclear paramagnetic resonance, or absorption
of irradiation In the range of short radio waves with Zeeman splitting
in a substance was observed by US investigators (9)6). h was due
to nuclear magnetic moents. Paramagnetism connected with nuclear
magnetic moments was discovered by Larev and Shubnikov in 1937 (242)
in the course of investigation of the magnetic properties of solid
hydrogen at a temperature of 2 to 40 K. At the present time the
majority of the great number of radiospectroscopic investigations be-
ing conducted are performed ith the aid of various methods of ic
resonance. Issential3y, these methods enable determination of the
magnetic moments of stoms and nuclei with a very high degree of preod-
Sion (of. p e 1.).

*) Directed beems of neutral particles are called molecular
be=&. bey are subdivided into actual molecular bam consisting of
molecules, and atomic beems, consisting of atoms.

) 7he first experiments on ferromagnetic resonance vere per-
formed by Azkadyev in 1926 (36), although th general theory was
developed in 1935 by Landau and Lifshits (2141). Numerous experimental
investigations of ferromagnetic resonance have been conducted since
19.

L
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In the following ve present'A detsiled discussion of the Zeeman

splitting of spectral lines (Paerpel&2to 14.5) and magnatic
resonance (PeregrPh 14.6 to i.8); in the pesent paragraph we dis-
cuss the Zeeman splitting of energy levels as the basis of further
discussions.

Aacord 4i to grapbic representation, the cause of Zeeman
splitting of energ levels is the fact that mea tic 'mments maq be
oriented by various means in relation to the magnetic pole.

Additional onergy in the raget.c field of any atomic syTstem
having magnetic moment depends upon the crientation of the moent in
question in relation to the field spgcificea2!4 the magngtude of pro-
.jection of this moment Upon the &Lrection oi' the field. The projec-
tion U 2 of the magnotic moment is projortqonate to the projecton

J2 of the me.hnical molment J , &nd is quantized together with it
(of. Paragrapa 2.5, page 51). As a result, to each value o projeo-.
tion of the moment of quantity of motion corresponds a definite value
of the projection of the Aagnetic moment, andits value of supplemen-
tary energy in the msnetic field. In conformance with 2J. 1

possible values m, - J , -- ', .J.., J J projections of

0z of the mechanical moment J multiplicity of disintegration is
equal to, , -2J-+ I , and determines the number o0 sublevels
in the magnetic field (of. Paragraph 2.12 and Paragraph 2.15). The,
quantum number m, cbnracterizing the sublevel of Zeez-ma splitting, has
received the name magnetic quan&tum number (of. page 50).

Let us examine in greater detail the splitting of the energy
level of an atom having electron magnetic moment J&, , in a constant
external magnetic field of Intensity h

According to the known formula for the energy of a magnet
located in a magnetic field, the excess energy of the atom is equal to:

AE -- ~ =cos (. ,I) =-= - ,,, (1)

where , 6L COS (IL, ) is the projection of the msknetic

moment in the d.rection of the field, along the z axis, and in the

case under consider tion is the ia.oltaed directtn.n vhich we previously



te I tliCitd for the x axis. M2 distinction from tUs am of a f2?t@ n
qstem, 1or vich auq given direction of the axis of qum tsation aq
be seleasAte, ve now bwe a tsidall.y isolated direction of the e-
neti :tCLol&.

!!Me pio.etiog PS of saonetia ment, in the direction of the
of the tlelA has & aetnte vaue (2.43). ad ve obtain

m -- "- Tbmll' , (lZe,2)

vhere is the gyrose-petic (MagnatooeebsnniCul) relationship and
mn=fi asa ires the v.lis of 2J+1 fte foru.. (14i.2) gives 4

the splitting of the original level into 2J+l eqadietant sublevelsp
as is Inmicated in Figure 14.1, for the least integrul aod semi-.
integr l values of J. Me initial position of the level prior to its
splitting it indicated by the broken t. _litting is symetrical
with remoct to this position, which at an integral J coincides with
•te poition m - 0 of the sublevel . fte distnoe between nei~iboring
stblevels is eql to 7hH',, i.e., is Proportionet, to te rom$-

netio :ztio eM the Intensit of the netic field.

;ft a paaey drbital =wsat th mrcmagnti ratio is deter-
mined 1wy foul (2.4), and. foroula(W2 ass the form

eht Hbmm

where is tbe magiton of 'ohr (2-46). 2b. sublevels with swb-

seqwuzrt values of a awe located at distances 143 1 . In the sam

v6y 1210t the Xsueton of Skbr is a atrazxl unit for mesauremt of

*elec ,o m s gatio xonesnt the value I& B N is antural nit fOrL

masument of the splitting of atomic erw~ levels in a nagwatic
fi*10L It gives tUe ~neptv of splitting for purely orb:ital Somrit,
and ;Wt~n is called Ohe magnitudie of nozual splitting.



-... . ,. .U.
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Figure -.4.1... Spitting of alewls. iu a magnetic tr.el 4 ~t varzio~us
-7*Luea of J:

et) - - --J 1
b) at)
c) at j S/2
d) - at. J 2;
e) at J /2..

- et J = 3.



F or a purely spin momnt we obtan, according to formula

fte distance between adja&et siab:Ieftl lo equal to 21iH IIoo

twice the value of noral splitting. In the very important case of
of an electron with nonocmpensatWe spin, at

and an initial level with vlue ,j - 6 - 1/2 split# into, two hal.
levels (cf. nigue 14.1 a), located at distance 2tL31f. It mW be

noted that for both orbital and spin moment the subleve With the
least a (Of. (14.3) and (14.)) lies deepest, -because of the negative
value of T (due to negative electron charge).

Let us evaluate at this point the "va of normal splitting

pII. According to (2.47) the numrical value of the mmgnetoza

of Bo0hr is equal to

tp2=O9273l 10" ,400. 10-!:-0 4,67 - 10~ -5 1e

In a aneic field with 1 gauss intensity the zieemap split ,kH

is equal to 4.67 - l05 cel, i.*., approximsay 1 ca in

a magnetic field I w 20,000 gauss we have

pix,=0.9 3 4 eM 1 x Ic9 (H = 2 0000,~s. (46

ftus the value of normal splitting In a 20,0009-gauss field is

on the order of 1 cil In very strong pe'rAmet magnetic VI elds; on
the order of 100,000 guess, iibich awe ap;4ied in pwatice for study of
the Zeeman effect, N is ap*xiaeY 5 ce* Because of this

*) ields of this type were applied by Narrison and Bitter

L 2k4o stronger fields were obtained by lapitea, Strelkov and Lefurmn J(239.
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violet ,raes (iw. numbers on th order of wvxj tong QX thmoAoad
icarl) is :low, evn in verj strong vwagnotic fields,

In stv.4ring eiectronilc rnetica reconance m~itlt, fields not
exceeding 5,000 to 10,000 pauaare used. In a VCld in whIcha

H5,000 gftse, 0.33"/Ga s, wi~ch ioori~oda to the
wvre lengthi X of retionant triaisition between adj~acent maiblevotis ot
approximately 14.3 em, an relatn to the mieroaaw region oT the
spectrum.

Fo n arbitrary eletronic =.,?ant of an atw we hame, ac~.ar,
i12g to (i&,2 14- .3):

IntroduecIng the factor g ,VA4,en s!C-

Tw actor S (Lg. facltor) detwr~ira thA rat.1to ~the relf _

tive znagntudo of tsp1 tting glt, t-i for an w uitraxy jrti Mxwxt

to the' vuue of rion'Q- ,zpillting Urg iF' w A orbititiAJ't
g~ 1a 8. for _j~wely opin moment, S = 2. For olecttzaio m;mn coan,

piigtit aura of orbital. ad .~niea~g mAy haye veiic' ;.vae,
from Zraeoionn of a unit 'to "wvila umitv da4.&ng kkpon -then
of cawonrAt momtntpi axid un the typei of reations.hi:P. %be vkluv of
the~ fator,~ g is an amportax*teta of the~ ,,%era 2.&tea (cft.

FoI=u.1i (h e8 laa to a linar Tuntion of the ?rpsmn ji*

La r~spac't to the i±ntenzsity of tho *xgetdic field it. This in iUl*.-
tr'ated by the &A,%vams of FiM~e Ut2,7 ia~hV h ulvl ~ i
rep-setd the fueim of r r 'the values j -1/2, 10, 3/2 mad,. 2,.
This tyl* of O.IaWr= is~ vory uasefu~l for all caveo i1n whtlab the oplit-

U5qof enei~y level is~ stu"itd &%1 vurious va~luG of~ magnetia gteld,
and re A..lely in (4vezgence trom x ineanruain>p



It pI

-M-0

M -I/f

m--3/2 57:

c) 'd).

nigure 14.2. ftlitting as, a function of intensity of Magntic field:

a)-at J a 1/2; c) at 1 3/2;
b) a t J a1;- d) at J 2

The linear function, determined by the main formula (14.8)
for Zeeman splitting, holds only for an individual energy level Rip
W, removed for other values of 33*"Par removed" means that (corisid-

er-Lng S on the order of unity') the distance to adjacent "eves in uch
Vuater than the vaue 111LO.

A fIeld satisfying the condition (111.9) is celled a weak field,0 and
thius formiula, (141.8) determines Zeeman splitting. in a weak field. in
disitinction from (14.9) a field for which the converse condition

is fulfilled in called a strong field. The cases of strong fields and
fields intermediate between strong and weak, when HI~ L ~j
wil. be discussed below (of.- Paragraph 14.5).

-8-



t- It in appmZ~t that the concert.s ,4f vea and strong fil.ds are -I

relative concepts, because thoj O ery u n th mt of distance
between adjacent energy levels in tht abgence of a mgretic field.

Starting out from for a (i42) for awplemente7 ener in a.

magnetic field,, v obtali the quantum mechanical e-,,gy by converting

from the classic expression for supplemantary enera 4E -= V =- uz "

of an atom vith m3egtic mccet s (of. (lI.l)), to the operator

V> -- - . (i .i

and consider V as distubance.

in the zirst approxmation of the theory of dsturbamce, the

supplementary eer g is eq10 to the average of the 2,erator V:

--E.i V "VV i',, f V1p1d, dx

H~ rY'* i dv H i.2

taken according to the fmetion of zero apprxiimation

(where a inaludes; the cbaracteriatics of position amprt from J and a).
M e average value of the operetor of the prc"oeation of the MnAgtic
ment is poyoxtionate to the aerW. value of the operator

M hz = ibjz of the 'rojection of the :zchn cl mzlt, awn wW be

ex.ressed in the form

*f dx -. a i~4,.r x

- g1 f ,j* .! dx, (.4.13)

where T is the relationehip of ms.2t;tc, to mechIEi.'eJ 'MCMent , intro-
duoed in Chapter 2, wA which for electronic zotts '=V be expressed

!-7 = -- gjAj3i, CU. (14.7)

end, jer-I thatz I acodn o(.19 ra 230"I.

j. = (m = - g Jm J 1

L



!whence we obtain

7hm 9 ,m (14.16)

i.e., formulas (14.2) and 14.8).

It appears that we had applied quantm mechanics earlier in
unclear form when we inserted the quantum value A ccording to
(2.43) in the classic forwula (14.1). t

From the conclusion above it follows that the result (14.2) is
correct only in the first approximation of the teory of disturbance.
In the second approximation of the theory of disturbance the energy
correction is determined by the non-diagonal matrix elements

VIJ'M of the energy of disturbance, connecting position with

the same value D, end with values of J,, differig, by no more than the

value (J'-1 , 1. 0). . This correction is equal to
VOM %'J'm M i

(a' / J ± P), =JJk4.117)AE=

where summation is performed for all levels a'J', for which J' is
distinguished from J by no more than unity. Because the matrix

elements Vaim, %IJ'm are proporiotAte, as in the case of the matrix

elements of (14.12), and the field intensity is H, then A.E. is pro-

portionate to 1, which leads to the quadxratic Zeemau effect. The
relationship of the magnitude of the quadratic Zeemw,. effect to the
value of the linear effect is in the order of:

6 ;zt I a'Jm. ,*J, M' t£ --E, 1 '(14,.18)

i.e., the ratio of the matrix elements of the energy of disturbance to
the difference in energy of adjacent levels. Because the matrix ele-
ments have the order uBH for electronic moments, the ratio (14.18)

vill be on the order of

£ SH~i i ( 14 .9)
If the given ratio ceases to be smaLL, this neans that the magnetic
field is not weak, and splitting of the given level of energy may not
be considered independently of splitting of other levels. We obtain
IA foundation for (14.9) s a criterion of the applicability of formul a

(14.2).

- 10 -



'Ia cl.sin . .tas.. TVanr PAzvm&h weaw7 mn* n that foral"a

(14.1) Qn (1)4.A ro ger-tl atWA Uy be sqm~lled not orly to *toes,
b'et sa to nq ;tvea pazicew, moa ort cw, 1ex tioh aeal]eamles,
Iend stmJplAr, wtAtg. Ure *caeWUZ4AXtryptirflt, speCA~fiC&Lty tctrCUons
rrotous &U acutronso . Fcntilao (1.8 troug u 4ao ooreat for
eo lotaic nagcetic vmrts, but nsu.* oola x un4a for.
nuclear' aud rotational souantr4 diatin~uiahedL oa .y by replaecsez4 Of
the. eiohr mapeton u P, by the mxfU i*tTmpeax~ (cf. hragrap

rn92.5r), resulting in *wdnction of all *eaes lq'thekac on a -

!Mahe rdatufl of ZSeern 4.ittirgs af a givr. 1 re ct l Ine jmj

bitezufrei by vplitting ot thte coaubin,.ag levels u±d Xei cornt aelec.
tiou tca the zatte qu~Intbi xraber. Tbias, ,-t4ch acciordinsg to (4.157)
is cornet for dijla I~a~ n," k Uat foa

whrs YiLj tM a2 arm the .sapstie qut.-=wa xkhcro of ta coO~Qita
levels., Theretore. upon conversion, the projection x of ehsni-

or ciflXet bsy + 3

:In cofl2OYi.ace with the rtv1ee of seleft.otm (P2 ) a coner.
41toni gttnvvn slit-aela of tvcO combined 1eTLOIA, two types Of cokponents
e cbtaittne: it- ocaqoderts, C i#Aich A m

a.. cpon~e fr irah Am =Wl - M,2  ±I The PoeC.e
* convercr= oebetwen the aW-IdeveJ. lavela J-E. 3 elaJ 2 -wa a boamnA

?iirare 3)4,3. TYt gamap of Cr- c- <mrta correeronda -to the eoxrr-

Sion (in, f%) tho le-ft tro-ip of jy rCXax~nntf ,Orr*$-
ponds to the Onrionr #£ -. and the right
group :AC a- comj'*nOrt erpw& to the iaonverio

The P.roup of t'J.- CMXPOIiartt& (ain. U- (I) e two 7p ups ofr

to i yui~ ibratInDs of t"hP redivit dipole panfILf to thea tiree-

L ti=n of the field z., th.e ;0-cpoet (eenic~.s txoet)
j-



correspond to circular vbrations of the radiating dipole in the plane
V perpendicular to the direction of the field, as is shown in the

lower portion of Figure 14.2. In this, for AM + I the direction

of rotation is connected with the direction of the magrietic field in

clockwise direction, and for Am--- 1 in counterclockwise direction.

'The plarization of the Zeeman components derives from the rela-
tionship of (4.172) for the components of the vector which .were
developed in Pragraph 4.8. The rule of selection Am = 0 corres-

ponds to a linear oscillator oriented along the z axis, and the rule

of selection Am = + . corresponds -to two linear oscillators
oriented along the x and y axes, oscillating with a phase difference

of ± , which gives a circular vibration. For dipolar radiation

we have ordinary electrical oscillators which from the classic point
of view comprise electrons describing harmonic vibration with accelera-

tion a -- w r, where r = re icl (for the classic view of the problem

see end of the present paragraph). In models corresponding to the
quantum mechanical representation, the dipolar moment of transition,
i.e., the matrix element of the component of dipolar m- ent periodi-
cally changes with the frequency of conversion, or transition.

Upon observation ii the direction of the field, i.e., along the
z axis, the r.. components will be absent, and only a-, components of
two tyes, polarized in opposite circular direction (longitudinal
Zeeman effect) are observed. Observation perpendicular to the field
direction (along the x or y axis) reveals both i- and c- components,
both linearly polarized in mutually perpendicular plants (transverse
Zeeman effect). •The direction of vibrations (electric vector of the
emission or absorption of an electromagnetic wave) for 1t-kcomponents
coincides with the direction of the z field, and for the c. components
is perpendicular to this direction.

The number of components of each. type is easily determined.
For the case depicted in Figure 14.3 it is equal to 5. The in compo-
nenta correspond to the transitions 2-2, 1-1 0-0, (-1)-(-l) and
(-2). (-2), and two groups of 0- coaponents correspond to the transi-
tions 3-2, 2-1, 1-0, 0-(-1)) (_l)_(_2), and 1-2, 0-1, (-1)-, (-2).
(-1) and (--). The total numbr of components is 15.

-12-
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The disposition of components in the picture of splitting de- -
pends upon the relationship between the g-factors of the combining
levels. The less the difference between these factors, the closer is
the disposition of the components of each group. According to formula
(14.8) and the rule of selection, we have the following transitions:

m --. m (am= O) AEm.m = (g 1- g 2) lHm,
M + -- >.- m ( A m =-- + ) AE + . ,n I'-

= [g (m + )- g~mJt ,H = [(g,- g,) m+ g , ] uH (14.21)

m- -0 m (Am =- 1) AEm.., M
=9 (M )- 2] i [(91- 92) M - g~l RH

The disposition of components is indicated in the lower portion6
of Figure 14.3 (for the case g - g2) • The it- components are

disposed symetrically with respect to the initial position of the
non-slit line, and the c-comkonents of each group are disposed sym-
metrically with respect to the displaced positions 1 g 1tH.

The distance between adjacent components within each group is uniform

and is equal to (g, - g2 )JiB, i.e., actually is less with a decrease

in the difference g1 - 92" The entire picture is on the whole sym-

metrical. The it- components +m-4+m, -m --- m, and the a-components

m + l-4m and -mo-i -- m are equally distributed with respect to the
center; for example, 2 - 2, -2- -2, and 3 .-- ) 2, -3 -- )-2.

If the g factors of combining levels are equal, all the compo-
nents of etch group coincide, and a particularly simple picture, the
simple Zeem.An effect, is obtained: the primary spectral line splits
into tbree lines, the Zeeman triplet. This triplet is formed by a
non-displaced v.component and two a- components, symmetrically dis-
posed at a distance tg/tBH from the former. The picture arising in
this case is shown in perpendicular and longitudinal views in Figure
14.4. In the latter case the central non-displaced component, cor-
responding to vibration of an oscillator along the direction of the
field, is absent, and the triplet breaks down into a doublet with

2 guBH. splitting.

- 14 -



It the cl.e o the aimple Zne.max. effect for ula (14.21) giveas -

the transitions:

m+- . m AE , . -= g .. t, (14.22)M +- I M AEI,,,_, - ... I. ~'l

With the exclu.eion of ease of &cid.,ita1 coincideace of the S
factor for combining levels, the 'simple Z eemin. effect i,. obtained in
a weak field om.y in a f v an.cplete)y determinp partial cases,
namely:

1. In tranxitios 'between teKIf-contained leve i.. In this case
8 0, the aco'Anplete 32QUxit is pk)e2,y oxbita2. (J - T), SAA & a
self- cont ined levels g = 1. Zeemw triylet% with nornta splitting
ii,,H exra obtained.

2. . transitions between levela for wid-Jh -.he eoplete
orbital aomeent is eqtaJ to z4ro, L - Q. In this case . 0, the comp.
moment to purely spin (J - !), sA for all othe- levels g - 2.
Zeemn triplets with 2g-AvLB, twice as great as normal, are obtained.

?redculAr
Oboervati on

Longitudinal - - -"- - 1
Observation o 0

Figure 14.4. Zeenwon trilet.

3. In transitionf beti.en level j I 4.k j 0. Mhe - i
level (iu 0) does not split, but the first sp~lits into three s~ib-

level.s, with m 0, + 1. The spectral line spl 3, into -three aomTo.-nent, giving a zepeman triplet with jp jBtj splitting, in whicn the

Lfactor relateS to the level J = 1.
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in the geeral cease, when g , a more ccluex picture, the -1
c dpmle-'x Zeeman effect, is obserre4 in a veak field.

Ectremelr varied pictures of spl itting are obtwined as a func-
tior Of the value of the difference g, - and the values J, ard J2
tLcb .re discusse in geater detail belo i .in rararaph 14.4, which

ii devoted to the types of Zeeman splitting.

Tiogether with the wnaber of components and -their distribution,
coiml te3ideterwined distribution of the relative intellsities of

0- ccaponents ad IC- comrents 1with different m valuee for given
values of the quantirr numbers j of combinig levels is most character-
istic of the complex Zeemr&n effect. This distributio doea not depend
upon the type of bond.

The general formulas for relative intensities we show in
Table .4 i.

TAMZ 141
Geraro-l Forumas for Relative litensities ot

t rerse oba '7

proxwtmgtions J J 1g-

Components 1 1
r( + + - 1) ~ I~ I(J~n -(J + M+1) (J M)

ft + 4__

M (J+m)(J- M) .

M + -('m + 1)(Jr

1These for las first vere obtt ined on. the bis of exi Aentea
dat i cobina tion vith the cla sic represeatnion of Ornstetdn a:
Burger ir 194% a4er which they were derived on the bai4 of the Prn-
ciple of co nrutenee of Xronig erd Goudamt, IMU pendently on : in
192-: (236). They are readily obtaned ft om the basic qaazitw, ech&i_

L-cal ±tcjmu!ac for MatrLx elements of a vector (14), ana slo mav" be -
deri:ve,. by groui.' theory -methods .(13).



!1711. intens~iez axe j4';en ;om trnce mzi beruation- In the-
tee of 1ogt~xe:obia.':rwation 'the inttisi.t of the & ccrponventa, Is

twofold greater then. Ii tvansvermt ,obcervtbon. Ma.it. ip occre
thoe fact thftt irtt lcgwLs.oAsrto Jrcular paritI'n s oNo
taiz,, std transvertie vibration a~n ohthe xc ;am y uoes mnst. be
taken intto accowxt, but in transverze &sraiz ierr.t±O1
ia &tftaine, crrspnd to, vibrationi aLow the octsi ~pettd c tsx o
the directitm of 6'senvaticoa, ,%nd only thsvibravtIon need 'be taken
inito n onidention (for exeNplo, ribration QUmon, the y axis- i;p observa
tiol 4.=g t-he xc &?is; of'. ?±gures a4:.in othtr. wor'ds: .ntgie ftrat
casBe to40 ±Laor irai~ ct:-tg the x and y &ses are ocserve%,
aid in the second ceoa only arnt of these oac liatoa isob.erved.

The intenrity of' rp.Itting cfthe cc §nt.ponent6s +ga ixed -ii
MstiOMy disposed in. th* &tx is -.ete: ±al, which Qlso derive~s

itosa the fomia of Ta~ble 14-. 1 poA re3 ttn vith iiz the £ote1 ,u
of the. rcy u eltrn "sift by tikemisotvet;(vs vosc) ayid the Loran'-

lsof rowi VI + 1 -mconvert ixto 0sh moalz & "< I -4r. ad
conerel ( cmt~nn~ )- ecaur C he the .±ti, picture £LS

wv~1~trite1 not on2yI 'relstiou 'v)A'~
atcIn relation to d~strib-Aion of' inateL Ities. Z 'viltihes of the

reisttvr- inqtensities Tor' the case eotdin. iigure 143axve n
cated by the ± 'i;xeS alb--me the ooresondn c ni~amtrs The yprdblem
of distribntionofinens.tLe in various cnqase sill be discussed in
Paraarasp 14.4, In a senir revi:,ew o f types J &4 ZL..toan*Z s plitting.,

.tt masy be noted botthe total&ta:s of a,*,.,' ,h ,on Siet
is Fque.1 to the total intensity of f opnet bt grop3),,
which' mwy. Le Prcr'rd bXYstzritonf eLraia of T%,'1.
for s:lt velites of' to frovm uJ -to 4. In the X,~t 'A' aiqe1 or ths*
Stnple Zc.&. efflct thke txe:tyof the cetvtrm. r'- cmlponcnt .s
equail to the sum of i.~ntsities ofbvth :-opcet(Vsxg;aeci

c&l intensity).?

2 f ffect ±ift- nd. cttn to s iu-L tnefc nly a
Individual pe aricuzla" ese;, when wr~estre &rOserved.crgis.r
it w&5 conWACLred th: nrx:mal case, in cofracvith tw,? &laacud
the gx' of the 5?Eaaa efect( av4 .he a ofLrvtz, '.4th. the. appear-

anie, ofa -Ux Wics~. has 1il!'. 2" tco ao the norvmod. ifcemase'
fect -11.1,i00 a ore c e r slttx. Dictuxt'. x Zr t,-: FSt en $snoss.
aloneZena Ofi'ct. Thi6 trtixcgwm ztsczs. [I$noo-

effect izc tbep gene s ofl c g'! o±aoSL
thoymvarce in Mich, s~l ~ 0 ~ t be-en

, done iz. the :ton3



The classic tbeory does not offer an explanation of the cor-
plex Zeenan effect, but it does enable an elemntar7 and very graphic
explanation of the sisple Zeeman effect, with which the quant m theory
is in accord. This explanation is very simple if the concept of
larwr precession of electronic orbits and orbital moments connected
with the latter in a mapetlc field areL utilizeA, and the explanation
is based on investigation of the vibrations of a quasi-elticalUl
bound electron*.

Let us "mse an ele*.Aon vtfer the effect of a quasi-elastie
force vibrating at a freque q of v0 in a direction aceprisin'g a
certain anogle 0 with the direction of the agnettic field (Figure
1I.3). Weis linear vibration a be broken down into vibration along
the direction of the field, and vibration in the plan perpendicular
to the direction of the field.

z H

Figure 14.5. Anasis of the vibration of an electron.

*) in the classic electronic theory these vibrations are
obtained for a point electron in an atom, the positivb charge of
which uniforily fills a certain sphere (Thompson atomic model);
the force acting. on the electron in this case is proportionate to
its distance from the center of the sphere.

fi
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Thi~s field does not an Nn -tha vtatiou along thet clixtc-
.tion of the rwgntic field, ad the 'rre.noy olf -vibration -V01* rea
unchanged,' 'We have a limiter oacillat cxn oriented in Um* direction oft
the field and giving, w~xiwAl rtl&a>.ion ina the plane peryendiculsr to
the field; radiatilon in t4he dlrvc-tQ on of thae xd;e14 ia msenl. ?rosw
te qne tnm x Ofn c'Viewi,a trvtiition -Wi1'th Am the? ccnlw-

n~ezit Ca' the Zemxan triplet with1 linear P.)Irizstoh aong, the ierection
of tbhe ±'eld, also corresponds to tis siltr

Linear vibration ynrpen~touler to taxe field (cfr &ivxe 14 .5)
om c broken dowu Into two ciroulo~r rvibratious; of one-kll surrapitude,

-with oppkosecd direotioxi of rotatiozl* With respeo, ton the mxrdinate

itystem rotting with the LAr or~ tc ~ 2

(of. formua. (12-70)) -they wil hsve the earl.ier mnaquenoyc

cident vrith the direction, o?' :-ee'c it, t6bcY--1

taixd b& *Ad the f3reruency v 0 - V1i is otained for vibration wi.th cq)p,

pouite &.rection of roLitioa. As u ?ee-Ut, we obtain twuo freqnenmcs
of vibmetion, &ispa~ced wvith Mree to the -I reqme~wy by.
the Veaue

*\ rtaio x a c 2w.t m a ) xay -.e represet-ei.
in, the form

x''7 cos 2n'jt + y~ Ons a t a 2uc2 2t9

1,., as the breskrwn oC circular -v4bratir we, Iz-.ie

X o 21rit, y wx n sin TodS (7rotation :Cro x axta to1 Y axis8),

andW Circullar vibratian "IC ~'gco.s 2tv,-t, y r- w 210 -)

(jottionfror y axir to x: sx'ilq

19



Irrom the quaiitwi point of view transitions vith I±1: also
correspond to a ciruzlar oscillator in the )W plaze, vith 1"Vencies

± V which transitions consist of 1(: components of Zeean triplet

with circular polarization.

The energ of the emitted or absorbed quanta is obtained by
mtn.ltiplicstion of the corresponding frequencies \y0 andv ± V by the

constant h. Taking into coniderstion U p. (of. (2.46)),
we obtain for these energies:

Linear Vibration I = 0
onl Z Axis

circular I Eo + B= hvo + hVo + lH, (i4.24 )
Vibration eH
in NY Pln EO --AE = hvO- eH H.

Exactly the sege pVieture of splitting Is obtained as for g - I

according to (14.22). In this,, polarization is determined by the
character of vibration of the corresponding os1 ilator8, but the ini-
tensity is identical for vibrations along the x, y and z axes, so, that
transverse observation gives an intensity of i'r-components equal to the
sum of intensities of the /0o- covponents, sad in longitudinal observa-
tion is twice as reat as the intensity of the 4. cowwponents.

Thus on the basis of classic. representations the asmLple Zeeman
effect with normal splitting p B is completely explained.

It may be noted that we have coincidence of the frequency of
transition between adjacent sublevels at normal splitting

IAE ! I Iof precession of orbital

1m1 H with frequency IVh

Maanetic moment - p.l around the direction of the magnetic

field. Congruence also is obtained for splitting other than normal.

For an arbitrary magnetic mmnt -LJ =- 1 - gh

the frequency of transition between adjacent sublevels in -he Nagnetic

-20-



r Afield W = - chieh upon consideration of (2.1) is eqw1a

to modaa~ coincides witL t:he frequeac~ r

of precession of this moment, deteralned. by forwe (2.59). This
eongruence is ubstaatial in the visible track of mAAetie reponance
(of. Paragraph 14.6 below).

The complex Zeeman effect for cSmctrel lines oftained in trsnoi-
tions between two levels with differeunt values of S, i.m., levelz cor-
respon.ing to aiitTerent magnetic vao.nts (anA consequeutly, according
to visual rearesentation, different angular speeds of precession) can-
=t be explained, by the prin.ilple of the c.aLasic tteory,,

All the foregoing of the present paxe ,aph re.ate to the Zee an
effect for dipolar transitions. For spectral lines obte.newd in mep-
netic dipolar transitions the rule of veleetior i the zae as for
ordinarl dipolar transitions (of. (.-157))) andA the srplittig picture
is exact.y the sa. The sole iferne aonsists; of the fZnt that
the electric and magnetic vectors of the eitted wave ahw,4e places;
with transverse observation this leads to wa exch az4e of pl ces of the
plane of polarization for the r- &nd a- cspoeD nts. For spectral
lines otnained in qa&t.iolar transitions the rule of aelecton
(4.159) obtains for mp i.e.. a may" change not. only to 0 N 2' 1, but
also to 1 2., The splitting picture becomes cowlex; the pr operties of
polarization of components also are msore complex This type of Zeeman
effect i3 observed for many prohibited linea, particularly for the 5577
I line in the spectrum of the aurora 1olari. Corresponding to the
quadipolar trwnsition IS0 - ID2 for 0 1.

14.3 The & Factors in tAho Case of a Weak Fivld

As we have seen,, the megnitude of the Zeexw.n aplit depends upon
the value of the g factor, *nd the differenoe in the g factors for
combining levels determines the distance between components in the
Zeewua splitting of spectral lins. The value of g for a given level
subf,:tantially depends upon the type of bond.

In the ,Ioot importeant cve of normal bond the v&elu of the C
factor Tor a level vith a given 'value of quaatu nuberws J. S Su L is
determiued 'by the famous fonr,,l. of mnde (17)*.

L *)Whene the S factor frequently ia called t.o : %ude fste-r.



g= l-+ J(J+ 1)+S(S+ I)-L (L+ 1)
2J(J+ 1)

In the particular case of purely orbital soment (8 - O, J - L) this
formula gives a value of g - 1, and in the particular case of purely
spin moment (L v 0, J = S it gives a value of -g - 2 in conformance
with the main formulas (14.3) and (14.4), representing a particular
case of the general formula (14.8). In the general case., when both L
and S are distinct from zero, formula (14.25)leads to different values
of g which, however, display completely determined regularity. At
given values of L and SB, i.e., for a mltiple term, the different
values of g usually correspond to different values of J.

Table 14.2 contains the values of the g factor for multiples
from 2 to 7 (from 1/2 to 3 S) and for values of L from 0 to 4 (i.e.,
for S-, P-, D-, F- and 0-terms). As is customary, the values of g
are given for each multiple individually. The values of g are
presented in the table In the form of normal and decimal fractions.
We see that g is taken both as a value 'between 1 and 2, at a value
less than I and a negative value, and also as a value greater than 2.
At L > 8 g increases with an increase in J, at L < S it decreases
with an increase in J, and at L % S (which is possible with a whole J)
it remains constant and equal to 3/2. At given values of L and 8,
with the greatest possible J we always have g > 1; for the S term it
is equal to 2, after which it decreases with an increase in L, ap-
proaching the value g - 1. With the lowest possible J, at L > S we
always have g < 1, and it Increases with an increase in L, also tend-
ing toward a value g = 1, but for L < S it is greater than 2 and in-
creases with an increase in L (attaining its greatest value at
L S - I or at L - S - 1/2.

For doublets, and particularly the case of one electron,
formula (14.25) assumes a very simple form. In this case S - 1/2,

J L-t 1/2, and we have

at J= L ++ I

7-T (14.26)
1"L

at J L
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it zay be Lted that. the stu of these vaJues io 21. For the teai

2p slitting of the ips/, level is twice u great Os o.pitting of 'the

2A2 level, thus the difference in va.Lues of g i. equal to I
2pL£+ iI

and decreases with an increase in L, tending toward zero at L -- * o0.

Formula (14.25) for the S factor may be derived from graphic
considerations of the precesson of maguetic onths. The cviplete
magnetic moment 1, obtained as a result of' aldition of the magnetie

MWrtr, FI an. t 2 (of - (a.78)), where i oi . - -

= 2ill preoess arotrid the i.irection of

the ccauplete nechaieal mouent J'z-iI 2 , giving the pro~etio.
(ci. Figure 2.7):

-- P' tCOS (JI, J) g2t,: !.A Co03 (Jr, J). (4.i

Accord&ig to the relationelhps U -J)2 2
we have-

s+ Ji --J'j + AII !
cos (11, j= cos (12 , 2j

--l2J gi J - ,

Bubstituting (14~.21B) in (14.27), gives:

[ ~ W V2i~j J'- Jj 2

" g 2  I - " g. (-2.)

,I1+ 1 2 +f 2 )- yb1
g~9 (=4. 29' (Subatitutlnsg 4,J 4 b (-4-) . - yn

J2 (i- -+ we have

g +1 + JV + 1)+ 1 (J, + )i ,(t ,I i.

2J(J1)111+ (2 + 1) 4 .- +..

¢.TrP"



'The vector

~ (14.31)
representing. the average value of magnetic mment of the, atom, is
oriented within the external magnetic field, givlng the projection

(vJ) =- -=,Ich, when ierted i

(14-1) gives (14.8) with a value of g detersuned by the general
formula (14.31). In the particular case of Jl - L, J2 - S ind also

&I I and S2 2,. formula, (14k.31) leads to formula (14.25)*.

Formul, (14.25) (a in the cae of the general formals (14.30))
may be obtained by purely quantum mechanical means. For this we must
start out from the operator of projection 1Ao of complete momentum

P smP1.+ ps IL 2 ARS (cf. (2.4~8) and (2.55)),

and coqnate the average value of this operator under the condition
with given values of L, B, J and a (:f. (14.13) and (14.14)):

It IL9 f +".m (13+ t) +I.m dX-v d.(433- IA.,itf . (.14,. 3

The average value of the operator , is proportionate to m, and

as indicated by computation (cf. for example, [1311) is equal to

2 J(+ 1)- (+ )
Substituting this result in (14.33),, nd writing LA-

according to (14.15) in the form - ggwe obtain:

J(J + 1)+ S(S + 1)-L- L(L + 1)

PS JBM .JAD2J(J+ 1) - n.M=,.-, "- gt.lam, (14-35

whence it follows that we derive (14.25). We have a concrete example
of the determination of g (and thus also of the gyromagbetic relation-
ship IT) in forma- (14.15).

-30 -



Otbher fo~rmhulas for & fac-tors are &btabo&in -tor other S factors,)f
expressed tbx:ox the %,sCtegfitrsfrtocaa~dRc~t

and derel.tirg 4 pon. the orero their s5ditio- n. Xipart i.1Cuuar, With
0" a )" , & suk+ t'ting J1, - J arid J - ipJn (14.30)', wt. obtain the
fox Awla2

it-. JU--.t.J;--1)- 2 1

syiraetricei with respect to the qosxi naw,&ers ad 32 ch
determine the mcunt t asrdi A* (th.h sum of which glwns the moment

+ TF) he fw,,tors sa 4id gcharacterize tkn oyl'ginei

&tuitus of electo and depenDd upon thecunuz numbers 211 .0 ?

12. 12 (81 =§ ) for the~se statuses. The vsi2.vets sn ,&-v

gi"ve: by formula (2t1k.26) (in whjichu tL.e' folowing 4086titutions mAat

bemad~~~ ,.1 s-- jo tLsiLtp
be~~~~ ~ ~ ~ mop: I 1 111-e = , 2 wid way betken flow.

Table 14 .2 (fox, doublets). The vabe-s of p, fo 'the (4, 4) bon for
twc~ecwtonconftguratioias formed boy s-, p- and, cdelet rona are given

in Toable 14.2. The volues of £S at vroapossible - albes oX J (as in
Table 14.2) , nthet torn of ordina;ry- Iz (4~'I1 prct on)ae
for the given 1vrgrtin t the rot xrnpats to the de-finite

Ithe V-Wasition frLoz one type of bond. Ito eanother The g ac-
-tors of the iztAividued. lonves eu& yc4ng, altbot.h 'the deti.nite
rule of sums may -be applied. Acc~risto thinrul the iiws of
values for all levels of the configuration,, cononolaeed wIth the given
value J (237, 13) is eazd rerrtroless of the t~ , o. boad:

S'~ (lconsICrn) (.14s7

For examj e, Cor the contigunatioi dp (icf.24&;pt9)
giving four levels wvith J - 2. including three levels with c*w3 Itnd

S1, od one0 31evel vith J v 4 vznd J) - C0 ".ule (14 37) 1 afDe
fo- each ofthope 'type of la'wvels, for bo,"h normal bond ad (j, j)

Lboad, ae wel *a fo0Ir all ±ntermiabe aaes, In n-vrtieular, for the

-3.1



Uz'iquz level with J;- 4, which iL the case of normal bond 16 the

1ee~and in the case of b~ ond t#s t~ (Ix'./10,1'~l th*
vacof S remIoins uxwcmaud amd eqWa. to 1.250.

In the ea" of XCipration the value ot g is rett.ned for

the unique level with J I, and the sum of values of S for -two,

levels with J - 2. In the came of the level with j - l 101 1 in the

caeot nomal bhond,'And 1(/ 1/2) in 'thae case Of the (ao J) 19-1na)

g -i500. ?or level with J 2, w have in the usf o ornmal

"ow 1 1' OPI l.500,/g(P) - 1.000, and' in the case of the (j J)

the tum iq equal to 2.500.

Q

L j
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i i L~I ) I1joT
COX~6$ ql 23 4 5

rat iona. _ ,"

ss (h,' it) 2,0_0

i j3 -

1J " ' !
PP (3/, '2) 1 °~e i0 1A

______________ "1 I * )

(s i,0I6) 1,067 1,06

('I. 'I,, ,) 0,,800 )
II

(,,, i) ,1 1,26 I~~dd (6/,, ,,),,!, o o

........ ,....,..,-

(,0/8 Is

2.2%) 1 ,o 1,"o i.o ,2:oo ,,)0)

In the & $xrpet cases, such as the p2 con~g.rtin, the
chsage in the g £actor of indlividual levels irn trsasition frc: . one
type of bond to another may be co1plete3,y ',aculsated Observed
value of the 8 factor iy ser~e s ,% eriterion ('1,,,.ther ith the
diepoition of' level) oif the <-2!oseness of bomid to the ii~it!n

cas

d-J
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In the interpretation of complex spetra the ruale of swns
(14.37 ) m.Y be aPPlIled for testing the correctness of this interpreta-
tion. If the determined quantum numbers are correctly ascribed to the
individual levels, the rule of uma must be fulfilled for levels of
the given configuration with the given value J.

14.4. &Me of Zeemn Splittirng of Spectral Lines

lot us consider the types of Zeemn splitting in greTater dc-
tail. As mentioned in the foregoing, the type of splitting picture
depends strongly upon the difference g, - g2, and upon the values Jl

and J2. In this, the values Jl and J 2etermine the number of compo-
nents and the distribution of intensities, and the differece g -

determines the distance between components in each group.

The position of irivi"dual components in the splittii picture
may be found according to formula (14.21); in this, the following
outline, which we include for a particular case of combination of

7F3  and 7G2 levels, with normal bond, is adequate for finding the

splittlng picture. For the first of theoe levels g g(F 3 ) = 1.500,

and for the second Sa g(TG2) 5/6 0,833 (for the value of g of.

Table 14.2).

m - 1 0 - -3 -3

Here the values for both splitting le -ia, equl to m egI and mig 2 (cf.

(14.8)), are given in units of normsl splitting IAEH The transl-

tions with AM-0, i.e., 1t compotents, are indicated by solid
lines, and transitions with AM--= ± 1, i-e., a.components, are
.Indicated by broken lines. The poitions of the individual components
in relution to the primary line are determined by the difference -l19

For the it components (L m - 0)we have 6 - 10 . 8
- m - 2. -ro -6,

3 - 0-0 o 0, etc. As a result we otrtain: 816, 4/6, 0,
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=4/6, -8/6. :FOxr tlw *- C-mrcaouts vt imil~r-I 6btain: 17/6) 1-/6,
9i ~ ~ (S A/t a/ -~ -4 - a - + 1)ImiA -1/, 5s 9S -33t/b;,

u-7/ Ct.A - i-I) Tito p±c izr Obned a Is cj~haized

in PSI* mh 14 .12 is Opmet~ele- Wv1th res~pect to 'the P~osition of the
'iV~trr lit~e. Mw eoirstnt distaxt-e &I, g'! bwtveen r 4ent cosipo-

nents :W~ ech group in the g~v- Co4xE is emml~ to

The result cbtainevi is written in th.* folowin form, izndi-
oatin ii3 no*-haL of th.e eoo!met's

10) 04) (8 15 913 17 p )
6

vbere the To po eute ar in pm~ntbsi-c vhich6. ee ki in the~
lonprt'ine1aO viw. Thei demminator in tcmlua of. th-I kind (zoirae-
tirms iail~ed the Riune deaainfoW) is the. least o('Lw1 =1t3)1t CA".
tae ;1and g factors (lirbich in tbe gi", csase in eqaal to 6).

The aw remmt mr be vi.tten in~ dreim). ,.ractioms in the
,

(0) (1),6i67) (1,333) 0,467 0, 33 1,500 2,167 29833. (1.)

.The relatia intensities of tha cQIv1pc)ents my be deterirtd
accozdii to the iornula~s of T&O,1 14-1. Nuwerica). da~ta Tor the rem-
tive ±it~neit~e iG OIL 17-oowvvrnetl and C~. ca~n",Tts Uocr truvvrerse
observation) f or tP. transitiona. J -01'J ftid I ~ with Whole

* -veas.~ pf J fruL I to 4 and vitb he3.f-v2l~vv, of J from~ "/ to72e'
shovrn in Table 14,4. Fo conver-ienice thte imtcnroty va-ea given by
the tirvasa of~ 120,3e 14.1 are nrati±,Lie4 b 2. ltct th. traneitionc

a-J nd 3-4 - I a functioL, of intemaity ditfeaent frrom x is ot..
tained. For the trunsitious J -b J most ii&.nse 2r- c(ipnexts vith
oreatest vralues, and a- caw~ments -,ith least Y8J.uAs 1[l are obtained.
For tile J - J - I1 transitions the mwt LetenSte 'It OOMPOMMUt Vith
the jeast valueg- of I m#t , d for 0- awTponents Ln th~e gi-oup
m + m ~i the irvezity increasts *fith en irncree.4 in~ ma) and in the

g u-0 It 4 m vith a daere"..e iL, ii.
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According to Table 14.4 the relative intensities in the Case

consideread y G (J--4J; - I transition,, where J is whole;

0 3 3 - 1 - w2), ae 10, 16, 18, 16 and l0 for the -components,
and 1.. 3, 6, 10 and 15 for a. components. The most intense rr-eomo-
ponext is 0 - 0, for which displacement is equal to 0, and the most
interse c- component are 3 - 2 and (-3)-(-2), Ior which duiplacement

Is equ.al to 2.833. The components are noted in (1..39)

and (14.140), asis cuatomozy, by bold fac~e type.

"r '~, 49-467 g(f)I5Og('G-11,833

Figure 14.6. Picture of Zeeman Splitting for the

Line 7v . 7
3 2

The picture of splitting for the line 7F3 - 7G is ehown in

Figare 14.6. In the given case A S - S 7 )V3 g 7 G2) 1.500 -

o.83, - 0.667. The lergth of the lin ies proportional to the intet.
sities., with the 7r- components plotteld above; and the - components
belaw the base line. As aeV be seen fmom the figure, he lateral

a. components and the central -components have th-e greatest intensity.

Mhe splitting plcare mvr be broken down Into three types accord-
ing to distribution of intenusity, which ae illustrated in Figure 1A.7.

The first type of distribution of intensities is obtained for
J -- 4 J - 1 transitions at g, < gJ-i (Figure 14.7 a). Of the -.. com.

pioents the central values, corresponding to udniv-1. Iml have
greatest intensity. and the external values, corr'-esponding to the
greatest Iml are the most intenseq for the c- components. Thus the

~jf J



rUintenitity oT 7 cosPonants drops fro1om the ,utter of the group toward

the edges, and the intensity of the a- ccapo e t.s 'olSo drops tord -the

edges of the splitting pictive; givin a diminution toenrd tbe outside.

'IFI

1THTF, TTII iILL " III- ;-  H' I

Figure 14.7. Three types of Zeemam .ittin:
) ) -J J - 1, g, < &., J

Ite second type of d Ietabutioa of lntfawities Ka.o is obtained

for J -v J - 1 tr nsitions, but at g g (iuc, e k4.o, and

also Figure 14,6). 0f the r- compnet;4:On s the cen-tral VAlues sar the

most intense, but of the (- o ,tpo.entz the exerIe'..U -4lues are the
most intense, because they nav correopond to the greatest veaue of

Thus the intensity of 1t-cowponent.s dwops f-om. the Qenter to
the edge of "the group, but the intensity of the c- compox nts drops
froma the edges of the splittiin gpture to the centor, giving diminu-
tion toward the insitde.

The third type of distribution of intensities is ; ,t6tained for
the j--J tr"oisitions (Figure 14.7 c)- (Of' the 11-components the most

intense values ae at the edges, and of the q- coiponents those located
in the center of each group, and .corresla&i:ng to the least value of .J nI
are t1he Yaost intense. Thus the intnsity of the Tt- c:.oiponents irn -
creases frot tht center -t,,ward thedgets, ..nd the intenslty of the o-
components drops from the eenter toward both sideti of each group.



a)

b)

Figure 14.8. Picture of Zeeman splitting at large gI - g2 l dif-
ferences: 1

aj Overlapping of * components of both groups;
b Exact coincidence of i components of both groups.

Figure 14.7 contains characteristic exanples of three types
of splitting corresponding to 705 - 7 p - 7G and 5F5 - 5G5 ~ ''' 65 5
transitions, for whichla gI - 0.133. With an increase in the dif-

ference 1Ag a 19 921j the interva~ls between components in each

group increase, and the internal components of the two groups of

d. components graduall approach each other. Mhe internal c- compo-
nents and the external 7t-components begin to overlap; an example is

the 7F3 - 7G2 transition considered above (cf. Figure 14.6), relating

to the second type of distribution of intensities. At large 191

g differences the d-components of the two groups also overlap

(Figure 14.8 a); in this case .exact coincidence of the d-components
of both groups is possible (Figure 14.8 b).

The presence of the three types of distribution of intensities
described usually is placed at the basis of classification of the types
of splitting. According to Back these types of splitting, we indicated
as types I, II and III.



~Type 1 TypetITp III

Back includes the limiting cases of Zeemsn-- ,.Lietu under type IV.

A somewhat more detailed cl tsification is applied by Harrison
(240); he indicates Types I, II, III as types 1, 2, and 3 for the
case of even fttiples (half-vmlue of J) nd types 4, 5 and 6 for the
case of odd mutiples (whole value of J). The li.iting Oases of the

6' Zeeman triplet are indicated ams type 7 a at J - I 0 0 (W -40 traasi-
tion), and as type 7 b at g "2.

Conclusions may be drwn with respect to the values J and g
for combining levels according to experimentally observed oplitting
pictures. Two type of coses must be distingiheA: the case of a
completely resolved splitting picture, in which adjacent omiponents
are separated from each other, and the case of incoupletely resolved
pictures, in which ajacent components rnm togetber, freq.uently
observed. at qsall va!;ites of the differ~nce j eb - 92-

In boh cases the general character of distribution of intensities
usually enables determination of whether there ere combining levels
with identical J values or ,different J values, and in the case of
different J values the level with the gretesat g may be determined.
With complete regolution of the splitting picture the J and g values
may be easily found,

The possibility of finding the .values of J and g for individual
euergy levels on the basis of analysis of the splitting picture is of
great importance in btudying the Zeemnan effect for interpretation of
complex atomic spectra. If the levels of the conligurations which may
be expected for the spectrum of the investigated atom or ion are known
from theoretical considerations or from comparison with analogous
spectra, selection of the values o'f J and g maq resolve the problem
of the type of bond which exists, and it Yr7y be determined whether
the bond is close to the normal quentumeurs L and 8.

It unet be noted that in finding the values of L and 8 not
tables of the type of Table 14.2, but tables in which the values of
the g factor are listed in mounting order, and the level giving this
value of g is given are used, Tables of thia type are. drawn up indi-
viduA.ly for levels of even and odd multiple terms, up to the multi-
plicity values % Q 10 and 11.

L



The values oT J and g with comrplete resolution of the splittirn-
picturt are determined 8 follows.

The number of o ompnents also gives the v ue J. For J - 0
transitions the mdber of cf- components in each group is equal to 2J,
and, the nuaber of I-components in equal to 2J - I for half-veaues of
J, en 2J for vhole values of j (taking into eccount probhLition of
the transition x w 0--*m - O of. Tables 14.2 and 14.4). For J--) J
- I transitions both the nwber of d-octiponents in each groump and the
wnber of IT-componnts is ;ral to 2J - 1 (of. diagram (14.38 corres-
ponding to -- 3, 21-1

The values of the 61 and g2 factors ae determined on the basis

of measurement of the distance between adjacent component,
e 92 1~-g and the distance of 2f between tbe most intense -. *

caoents of both groups. For these values we hae the followin6
relationships for the various types of transitions:

!L. J-< g< 2 g =f+ -(J-1)0, g, =f+je,

- g>gs gI=f-(J-1)* g,-f-., (.)

gi im +

Actually, for J -- * J - I transitions the most intense d-cin-
ponents correspond to 1 I , equal to j - 1. Their positions, ac-
cording to (14.21) will be (in If units):

Sal m; J- itra ition m + 1uJ-> M -WJ)-- 1)1 (91 - go) (1- 1) + gi, (14,.42)

(., ) V-- gi,,
ad the difference between these posit.Ions .s equal to

12 [g, + (91--90)V-IA / (14-.3)

Hencoe f e (*T - at g., <g , P, - gI ise and f~g~ + e (J3- 1)

st &I> S n 1 - g2 ~ giving us the fin*! result 14.41) for

" -.- I - transitions.
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For J -4 J tranaiti the most intene. e .onients corres-
pond to tranzitions wIth minica1 Iml n nmely (of. xable 14.4):

transition 1/2 -4- 1/2 snd -1/2 112 t. half- value j
trans ition I - 0, 0-) -I and - 1 0 --; st whole J.

In the first case we find the posi lons of thn corponents ac-
cordirq, to (14.21):

-- ' tin- 9 -I - , = - g 2),
at M =1 . tlm

The difference between the positions "a equ" Q o:

91 + 2f. (1.45)
Then, taLuin > 6 we flmd:

gi + g =(- 2 ) + 2b= + 2g, 2  f,2 g, +g,=

=29, - (.. 1- 92) =' 2,M - = (14.46)

and obtain the remq It (14.41) for J -)J tr io . The same re-
sa1.t also in obtained in the secoond case, if the distance b.et'ween
c.omponents is takenl at 1 -?0 (pl.ition QT g ) and 0 - 1
of &2) or the &dtance between the epo:.iycn+ 0-- -1 (Position of

a2) n-I. 1-0 (position of gl) or fina, y; the d j.itAnce between
centers of the pairs 1---*0, 0 --. atd 0- l, -1--"0 (ce. Figtre

-- - -

IP

1hue14,9. Distance bel-er. compomento o~f. the pitting picture
for J7 --- J7 trarsitionh at 'whole-1e A'v_ .



The picture of splitting depicted in Figure 14.6 may serve s -
an example. Let us assume that the values J and g are unknown. We
have the distributions of intensities at which the central fT -component
and the extreme o'-conponents of both groups are most intense, i.e.,
the Case J --4 J - 1, gl > g2. The number of components in each group

is eql to 5- 2J- lp whence J = 3, J2 = J" I = 2. The distance

between adjacent components is• = 0.667, and the distance between the
most intense C €omponents is - 5.666. Thence according to (14.41)
(second row), ve ave:

g1 =2,833-2.0,667= 1,500; gi=2,833-3.0,667=0,833.

In the case of incomplete resolu:tion of the splitting picture
identical determination of all the values J3. J2, gl and g2 is impos-
sible. However, in this case many conclusions mV be made relative to
the properties of the combining levels. In addition to relating
transition to one of three main types according to the character of
distribution of intensity, it is possible to measure the distance 2f,between the centers of gravity of two nonresolved maximums, which
form two groups of ct-components. For transition of the type J -- ) j
the group of 'I- components also gives two nonresolved maximums due to
the fact that at minimal values of I m Ithe intensity is minimal and
a barrier is formed; the distance 2f,. between centers of gravity of
these maxim%%ms gives the second parameter characteriziag the given
transition, which at a given J enables determination of the values
g' and 92 (238).

14.,. The Zeeman Effect in Strong and Intermediate Fields

In the foregoing pararaphs we discussed the 7Zeeman effect ir
weak fields in detail, in which the magnitade of the Zeeman effect is
much less than the distance between adjacent levels of energy (cf.
(14.9)). Let us consider now the case of a strong field, when con-
versely, the magnitude of the Zeeman splitting is much greater than
this dAstance (cf. (14.10)).

For electronic magnetic moments of the atom ith which we are
concerned in the present chapter, having an order of magnitude of

tLB and for which the conditions (14.9) and (14.10) have been
described, the case in which the distance between adjacent levels is
determined by multiple line structure is of greatest importance. In
other words, the most important case is the normal bond, when there
are close levels forming multiple terms with multiple line splitting
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iof the orderKt (LI 8)., iu ivhiehX (Lt, 6) is thw =~tiplc liw split
face~,(o. Pwa~.~ 9~).At sas±tsuce 'hbe,-,en a ent levels on

tb*e order of (L, 0) tia oniditiorm (14i.9) ud (14-iOC) "aij tt

la~ the Uate case~ A. is InWpors~ble to wpeak ot irepndent
ep2itting o~ each 1--vl of 'a Siven wati-le I term~: 9, SpAttlus
:piatiae genearl for all Ilevl iis Votm As a reisma2t, in a very
strong field a. ?Zema triplet for the. e~iti* ilti~ae a vhoke,, with
nraL at± $H is obserye4i ot &cowpeX ZAVD~n ifTe~~t

for each line ot the Awltipae. Mixa ffect, 9 ri~z &iskmverod b
Peackhrn and suck ir. i9i2 (74, 16) received th4 twon 01 the ftmbtn-

*Aek efect. '1+ oecirwr In sufi±ci*Atly ston agnetic f~ields fc~r
light atoms in Ohxoci the factor oft Iltiplt splitting~ (r is anall
ad -nay- Xulfill the conditLoD. of

'Itm e P so Zaak efteet is x.&&tl~y ezx3.aiud on the o
Sm.hie represv ia of tke prcesw:Lon cxt m&ate momit; the
results obtained coitai&e i'th the rexaito& of the qimmtum irnbsnical
theory iz the strie-V sewec

The pls- tal coriimvr~ (14.4i8) Awom the. the mzI-Ltmtary
anr -(ILf MAn& ( fo obital and apia wipnetU~ mmn in the
,vftiotl field' CAI the Ow'3r OfJL, H is much gzmeater tkan~ Uko et~ewr
of spim or'bital. intzraction

Ace ordflg to pm&ghic~ re "renttior the angular veloulties of preee-
Sion.

H==- H, H--



(Cf - (2.59), (e .45) ana.(e 54) ) of or~bitsl and spin moments e. and j
it the direction of the field become much S-eater than their angu
velocity of stiultaneous precession in the direction of the complete
womet J (of. Figure 2.8, c, J, a L, J2 m 8). As a result, the magnetic

field breaks the bond (L S) and each of the vectors L and S precess
around the direction of the magnetic field independently, giving the
qu*ntum projections mL and mS for this direction. Thus at the same

time, as in the case of a weak field, the complete moment J precesses
aound its ireotion (Figure a1.1O, a; angular velocity of precession

much less than the angular velocity of precession L and 9 around J)
the moments L aud S precess around this direction separately in a
strong field (Figure 14.lO, b). In the latter case the quantum number
J completely loses meaning: the complete moment of the atom j is not
retained, and the condition of the system is characterized by the
quantum numbers L, mL and 3, N.

The formulas (i.3) and (14.4) hold for the supplementary
energy in a magnetic field for, L and for S searately, and maW be
written in the form:

for L AEmL~ ILaHmL, (14.50)

for S 2 LHms. (14.51)

HH
a) In a veak

field;

b) In a strong
field;

-Fiurne '4.i0, Precession of momentt4.



!The complete supplenvntax7 energy in a netic field is equa.l to

AEmt, ms = AEMC + A+sm

-UPH (ML + 2 S).

Because mL is always whole an'i 2m also is rhole (even at half-value

MS, sublevela are. obtained, the d sta nes between which are whole

multiples of the normal split JLHI.

Formula (14.52) may be obtained directly by quantum mechanical
procedures. by starting out with the type of operator o supplementary
energy in the magnetic field (af, (4,.1) ad .(14.32)), When the

spin-orbital interaction A (L') ray be oansidered :aU i. comparison

to the operator pJ. (l -+ 2,z), the project'ioa of 1. and

in the direction of the field must be. 4utized separately, the
proper valae of the operator L. is equal to mI,, the proper value

of the operator & is eQual to x., and the average value of the

operator V in the condition of the given values of L, mL and S, rn

coincide with it s proper value and, are equal to (of. (1.12) through
(14.15)):

The rule of selection

&ML=O, -1

and,

hold for the quant-w. numbers zL aud Y for ordinary dipoleax radiation.
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'These rules of selection are partial oases of the RenersJ rules of
selection (4.157), with prohibition of Am$ = ± 1, transitions for
the spin magnetic quantum number m, which are possible in the general
case.

This is connected with the fact that the electric dipolar
woment of the atom P depends solely upon the spatial coordinates
(of. (4.33)). Stating the wave function +m L , mS in the form

ms(Y, +)4 mL (Y) +'M 0a), (14.56)
where +mt (y) is a function of the spatial coordinates , and !Ims (a)

is a function of the spin coordinates c, we obtain for the matrix
element of the dipolar moment the expression

(mLmSfY, a) P(Y) mm (y, a) dy=

f +*M (Y) P (Y) +m, (Y) dy + O" ( ') M1' (1.57)

which reverts to zero due to the orthogonality of the functions

'm$ (7) and i m (a), if mS  zn, which also gives the rule of selec-

tion (14.55). It is noted that the given conclusion is correct in
the case of a sufficiently strong field when it is possible, ignoring
spin-orbital interaction, to represent the wave function in the form
of (14.56).

As a result of the rules of selection (14.54) and (14.55), in
a strong field, with transition between sets of levels of two multiple
terms a nondisplaced Yr-component (at A mL - A mS 0) and two sym-

metrically disposed displaced o-components (at M mL - i, 4 ms - 0)

are obtained, i .e., a Zeeman triplet with normal splitting iB. is
obtained. Thus in a strong field the simple Zeeman effect with normal
splitting must be observed.

The outline of transitions and the picture of splitting ob.-
tained are depicted at the right in Figure 14.11 for the particular
case of transition between sublvels of the term 2p(L - 1, S - 1/2)
and sublevels of the term 28 (L - 0, S - 1/2). The values mL, mS are
indicated for each sublevel, also the values of their sums m - nL+ft.
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F*At the given vaiues of BL and t the -upplewentar-y energy in a agneti6

field is determined by formula (14.52). It is noted that for the term

2we have AEm on O as Wll as at ML = 1, M xn -/P And at

The splitting picture &iscussed is obtained whan spin-orbital
inte-action Wi7 be complete.ly ignored. If this intersction Mxiat be
taken into consideration as a correction auder the conditions of
(14.48), its magnitude may be determined reld ly, beiug equal to

AEmL.s .- .(L, S) mtLms. (..58)

3$trons SiI
1,y(Zms+ mL) + CMs n L nL ,M., vM

ithout Weak // +,/I

field. field, mO

5/a.. .. ... T Vr

Figure 14-.1, CoVp'isoD Of sli' tin in a w.k aid'. in a

strong Tiel, for -P - 8' transition.

5' 1



Ain~j (14-.58) and, (14~.52) we obtain the zpletp wqpplemaentaxy -
enersY ir a ittrong vwnetia field

AEts ;-S =%,B H (mzt + 2 ms) + C, (k. S),# ntis. (1459)

Fr=Uil, (14.58) wW~ be obtained easiI7 by starting~ outi from

heePrtesuit2 for the energy of~ spiz-orhilta3 interato

At the stae . as in a vea&k tield4 LS has the coaqpeteiY deter-
mined vau 1./2 j(ju 1) - (S + .) 1 + .1) (cf. (2.86) an'3 9.35)
in a. strong ied when I and $ preu nineedn ane n h
averWg vaii !(LS) -is coo (4, S),must be umad. The cosine of the
angle betvea2 the veetors L and S maxy Ub represented ina the form (Cf.

Cos cI.$)~ os (x, L) coo (x, S)+

cos (y, L) coo (y, S) + cos (z, L) cos (z, S).

In avera4fing this expressio~n the average ,vau O ,> he f i t two Mu'
berm in tile :cjht-haad portan is eq4aJ to ro (vew1esL Swt
axis x tnd 0:9-1 7 chane. i±MtPerAntly), ad in the third member
cos(z, L)= inA tu=sM

COS (z, S) tu

C (L, S) (Lki = (L. S) LS cos(1,S

~(L, S)L~ It' S In LS itL

I.e., we obtUln ezpression (4S)

Tskij~ into account the eooad veiAber jtn (1459), coiditioued
by Lpit- orbit flh2 interacntion, legds 4-p the fp~t tha pul l with W
difftren, va~i.,;s of ru, m. il Wct be ecqi-disant and Cthe A, jtting
picture i-n ti- naition between the wablero,18 cf the two -terff.~ _A2 On!,

approxdaMtte the, 2Aenan triplet,, differirg fro~ it by. the prekencet of
the atrarturia of izdlyidual components of the triplet.

For excowiploe. in the discussed case of 2P -- 2 (Fjigure 14.11~)

trarnsition., :~C:4, the term 2 the -*rober C. (2P) mt m S gi-fe r the
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As we have seen, the complete mechanical moment J is not re-
tained in the transition from a weak to a strong field (cf. page 42);
however, the complete projection of mechanical moments of the atom in
the direction of the field remains constant, and retains its value m.
In a week field this projection is m = m, where r,-,. acquires 2J + I

values (mw J J - 1 ..... -J) for the levels with given j. In a

strong field the complete projection is equal to the sum of the pro-
Jections mL and % of the moments L and S :

M M + s,.62)
where mL = L, L- 1, .. -L and m-, - S, 5 - il .. -S. For the

given term the number of sublevels in a weak field and in a -strong
field is equal to the number (L + 1) (2S + I) and is identical for
the two cases, regardless of the conditions. In this, the value of m
is retained for each sublevel.

Retention of the value of the complete projection is connected
with the axial symmetry of homogeneous magnetic field. In the case
of axial symmetry this projection is quantized independently of the
intensity of the magnetic field. In this, the operator Jz L + z

of the complete projection of mechanical moments coincides with the
operator of infinitely small revolution around the direction of the
field.

Knowledge of the value of m is insufficient for comparison of
sublevels in a weak and strong field. Unequi-vocal comparlson is ob-
tained if in addition to retention of m the rule that different levels
with the same value of m must not intersect in the transition from a
weak field to a strong field is taken into consideration. Tne given
rule is a particular case of the general rile of nonintersection of
levels. According to this rule, established by Wigner and Neumann,
(203) if several quantum numbers are retained in the transition from
one limiting case to anothe; levels with identical sets of these
quantum numbers may not intersect.

Bearing in mind the retention of m and the rule of intersection,
comparison of sublevels in a weak field with sublevels in a strong
field may be easily accomplished.

This type of comparison is indicated in Figure 14.1' for the
case of the P term. In a weak field the level 2p,/2 _tia into to
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* sublevios with , a a 1 /2,: -1/2, ge d the 2?324\t iato four

sublevels with mn - =, - 3/2., 1/2, -1/2, -3/2; a. total of (2L + 1)

(28 + 1) -3-2 - 6 sbIve2.e is 6o,1tained. In a atrong field 6 sub-
levels are obtained slso, whicb we have discuased in thc foi.egoing,
of which two (( - 1, ms w -1/2 nd - -1, ma , 1/2) coincite.

The lower sublevel, with mjw -1/2, converts into a sublevel with

mL - 0, ms -1/2., and the upper sublevel, with mj - - .2 converts

into a sulevel with mL  -1, m - +1/2, because there may not be an

interae~tion of these subleveis in intermadiate fields. Similarly,
the lower sublevel, with mj /12, converto into a sublevel with

L  i, m, - -1/2) and the ujpr sublevel, with .j - 1/2, converts

into a sublevel with xL  0 0, m = 1/2. Finally, thp sublevel with

i -' I Sno. m = '/2 convert into se"velswith 2xL--1,j I

= .1/2 and m w 1, m. - 1/2, respectively. The disposition of

sublevels is indicated in Figure 14.11, taking into consideration
the faator of multiple-line plittir. n, , in aceordance with (14.59).

In other cases comparison is mae tin a similar izruer. Mange
in the splitting picture of speetrL lines in transit!on from a weak
field to a strong field also ueV be trced, bat6 will not be discussed
at the present time.

Our discussion has related to the case of a nora. bond.
'Breaking of the (3, j) bond in a strong magnetic field also way be
discussed in ex&ctly the ssae manner as well as the bond of aW7 given
two veetors I and J,, forming the resultant 'vctor J + "2,

Supplementary ener&r in a strong magnotic field brekirng the (Ji, J 2 )

bond may occur similarly to (14.52) (0f. (14.8)).

E Im, , p. (g1 m -+- g2 m2 ). (1)+.63)

In d1stinction from (14.52), howeer, the distaice between the sub-
levels obtained. will zot, genetrally soj&ing, be whole multipLes of

L.the normal G plit LfLH. and Zen.an triplets with norma splitting will
not be obtained.
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BrDeaki4ng of the bond of various momenta iaAV occur in several1
staes. For example, for triplet termsw of two-electron configurations
the bond between L and S will break first, as has been described in
tbe foregoing, after A±cho in sufficiently strong fields, the bond
between end2 and between #I. and s2 break (complete effect of
Pasohen-Back).

The practical Zeeman effect in strong and iriteruediat. fields
JOL observed for light atcas and also for high talus of heavy atomts,
i.e., in cases in 01i0h splitting conditioued by spinp- crital inter-
action is not vezy great and does not exceed seseral cmC

In closing the present paragraph it mayr be noted that in com.
perison. of splitting of energy levels in magnetic fields* of various
itnities very useful rules of s=s may be established for groups
of mublevels with given va~lues of quaantum number x,, retaining sppliea,-
tion in a mantic field, namely the rule of sum~s for the g factor and
the rule of sms for the magnituie of splitting (of. (13)).

14.6. General Charateristics of Ktic Resonance

Let usn consider at this point magntic re.sonance,, i.e ., forced
transitions between sublevels of Zeeman splitting. On VWg I the
eaeral characteristics of maguetic resonance., correct for both elec-

tronic magnetic resonance conditioned by electronic magnetic moments,,
and also nuclear magnetic resonance conditioned by nuclear moments,
plus rotation magnetic resonance conditioned by rotational mknaetie
uoments were given*.

Trausition between two Zeeman sublevels of a level of given
value J and having identical even number is possible,, accordizg to
the rule of selection (4.154), only in a magnetic dipole and in
qusdripolar radiation. However, in the radio frequency rainge of the
spectrwr the probability of quadripolar transitions in comparison
with magnetic dipolar transitions is -very, small (the probability of
quadripolar transitions much faster tbwn the factor 1v2 decreases with
frequency), and only the Magnet4 c dipolar transitiorns, the probability
of vhich is determined by the magnetic momeuts of these transitions
(cf. (4.7?3)) need be taken into cotsidersation, Actull3y, according to

(.5)the ratio of the probability of quadripolar transitions; to the

*) agnetic resonace, conditioned by nuclear momenta, vill
be discussed under Chapter 16, and that due to rotatironal moments
art discussed in Chapter 1..
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-robability of =anetic dipolar transiitlanii bas the foloing orde*- of-1
magnitude

For the wav'e length CA CA VV 4 find ssswmin-

Q -" ea2 _ 5 .1 10 0 1 -126.,1

that -the retio 8 ig; on the cn.Aer of i.e., it is very si-all.

7=9u the transitions, betveen sublevels of Zem;!.t 8P.I.ting are
conditioued by ?agIaetii lti,,sr r&.51atiox±.

It is Yery imy-ntant that the probability of x=t*:jeouB transi-
tions between ?Aeinan subleel~s is ingignif ietly sfal "jj and that spoxn-
taneous aeinatioD. is lack~ing. Ttis is gentreJy ohr~teristic of
transitions with raiatioxi in the rvAio Sxreqliency rarnge of tA* spec-
trw=; spontaneoiis enanation is lexakn undar oxtinawrr cond~itions, and
my~ be oberved. onl.y in exclusive oaes*. As a rule, forced tranxi-
tioxia - - absorytion and forced e.,ion sre oloserve1 In the radio
frequency range; magnetic resonance aonstitAes a partial (Se of
forced transitions in the radio fequ~va.y range of the speatru.

The pxobsbility of spontaneous transitions between sublevels
of Zeemana Splitting RI&Y be evaut Vd czily, at ht*_n#( cnA- vith the
formula for mWAgtic 'dipolar r e±tion (r ~5)

A Z 3 - 102 11 12. For iapl~tt-Lg cansed by electronic

magnetic mouento having the Boh" mragneton order of A er10

gauas (Cf. (2.4()) ve olttain., asauwix .g X= irm, - 0.25 cu_

(whic-h ocorrspond. to the zip.etic fia-ld H ;:5,OXX 4sass),

0O~ .253' l" ac. 5 0: J-0,1

i..e., the value of A is very &nasl t.,; valuw, of A Iis still
smaUler for trsasitions due to nucl.ear ar46 rotational momemts on the

orirof the iraclear magxuet on.

*) heae condit~.ons -.re reali7,*ed for cosmic rniiiation; ef.
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r- According to the rule of selection (4.157), as for or tinary
electronic dipolar radiation transitions with change of the magnetic
quantum number m not greater then unity, i.e., JAm I < 1 ar possible
for magnetic dipolar radiaton.

By virtue of this rule of selection only transitions between
adjacent sublevels of Zeeman splitting are resolved, as indicated for
values of J from 1/2 to 2 in Figure 14.12. Transitions upward are
absorption, and traisitionh downward are forced emanation. Transi-
tions with unit change of m, 4 m - t 1, correspond to circular vibra-
tion in the xy plane, perpendicular to the direction of the permanent
magnetic field) caused by Zeeman splitting. These transitions may be
evoked by an alternating magnetic field with resonant frequency

Em - Em ~ perpendicular to the Permanent magnetic

field. 'Thus magnetic resonance occurs under the action of axu alternat-
ing magnetic field of frequency

I(1.65)

perpendicular to the permanent magnetic field.

According to the general formula (4.172), in the case of

'M - V i - m2  i onay the matrix elements Ax : lAy of the vector

components are different from zero. The following matrix elements

(of. (4.175) and others) are different from zero

(Mtt. ± 4 LA jmL) J ii ly)I p,~ (,f) di (14-66'

at m1  i p 1, Iwhich means that frow. the point of view of graphic

representations this transition corresponds to magnetic circular

oscillators in the plane xy, having the frequency (14.65). The vibra-
tion of these oscillators may be excited by a magnetic field of the
same frequency, located in the plane xy.

Special notice must be made of the fact that the transitions
considered are magetic dipolar transitions and occur wder the effect

,,of an alternating magnetic field, while ordinary electrical di:polar

Ltransitions occur under the effect of an alternating electrical field.
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Figu~re 14.13. Effect of a perpje cular magnetic field on a
processing magetic moment:

precession around the f Il HI
supplementary precession around the field H.

From the purely classic viewpoint radiation of frequency equal to
the frequency of preoession is connected with the rotation of the com-

nonents of magnetic moment ILj perpendicular to the axis of precession,

i.e,, the direction of H . Changes in the ragnitude of projection
of the magnetic moment in the direction of H. in the case of forced
transition =ay be understood according to the grahic representation,
utili-ing the principle of congruence. For this we consider the ef-
fect of the perpendicular magnetic field i. upon the magnetic moment
in the moving coordinate system precessing around the direction- of H
with angular velocity (o = 1 H (Figure 14.13 a). As we have seen

in Chapter 2, the change (d p of mechanical moment in this
\dt) rot

system, in the absence of effecte other than the . field, is equal to
zero. In the presence of a perpendicular Iield H., , creating the

. uplementa.sr moment of force [P, A] =[ Mp, H.] we obtain
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\- -Irt, (1.67)

The alternating field f.with fr-eueney v =.- m be analyzed into

two magnetic fields ff and I of the same frequency, ¢tatir in op-

posite directions with angular velocity w and - we. The field 11
rotating with angular velocity o, may be constant with respect to the
roving system, but the magetic moment mast precess siound the lirec-
tion I (cf. Figure 14.13 b), sad consequently it will change ite
orientation with respect to the 0, field, i.e., p... will ehange. The
gradkial change in orientatio. of magnetic moment in the classic theory
womxld correspond to an intermittent change of this orientation and the
projection Az in the quantum theory. %aecifically, with the origina.l
orientation parallel to H. the magnetic mcment gradually changes to
antiparallal orientation. For the spin moent of the elettron
(a - 1/2) this corresonde to quantum transition' from the sublevel
ms = 1/2 -to -the sublevel me , -1/2.

There are two different means of observation of mag etic
resonance: measurement of the effect of radiation upon rolecular
beams, end meaauzement of the odsorption of r.iiation by a substance.

S) For exaxple, vibration along the x axls, Hx Hz O Cos t,
ma , upon addition of & field. al,ong axis y equal to z.ero, be analyzed
in the following form:

r+ IHy -l x + I. 0 Cos Ot + 2-t- Cos Wt

22

+ sin (coot + 2 -

The first member represents the magnetic field rotating frow the x
axis to the y axis, with angular valocity ak, "d the second member
the magnetic field rotating from the y to the x &;&is, with angular
velocity - W.,



The first method consists of a beam of the investigated "I

particles (having magnetic moment), deflected in a definite manner in
permanent magnetic fields (which for this purpose are me" nonhomo-
geneous) and impinging upon the instrument registering the particles,
and is subjected to the effect of radio frequency radiation. If under
the effect of the magnetic field of radiation, tranjitions occur be-
tween sublevels of Zeeman splitting, which does occur in the xpesence
of resonance, i.e., at coincidence of the frequency of the field of
radiation with the frequency of transition, then the particles with
projection of magnetic moment modified as a result of the transition
are deflected differently and no longer impinge upon the instrument.
Thus the weakening of the beam of investigated particles observed at
resonant frequencies is measured.

Figure 14.14 shows a typical diagram of apparatus for investi-
gation of magnetic resonance in molecular beams (42). The beam of
particles from source S passes through the nonhomogeneous permanent
magnetic fields A and B, deflecting the particles in opposite direc-
tions and focusing the beam, which impinges on the registering instru-
ment I. A homogeneous permanent field is created by magnet C between
magnets A and B, and an alternating radio frequency magnetic field
(radiation field) evoking transitions is established perpendicularly
to the last named. When the frequency of the alternating field does
not coincide with the frequency of transitions, a completely deter-
mined stream of particles falls upon the receiving instrument, and
in the case of coincidence of frequencies all the particles for which
projection of the magnetic moment changed as a result of transitions
between sublevels of Zeeman splitting are deflected differently by
the second nonhomogeneous field B and do not enter the receiver.

It is important that the change in intensity of the beam is
proportionate to the total number of transition processes from the
original sublevels equal to the sum of the number of all the absorp-
tion processes and all processes of forced emanation. For example,
in the case of splitting of a level with J * 1 in a magnetic field
(cf. Figure 14.12) the change in intensity of the beam occurs as a
result of both -1 -- 0 and 0 -i (absorption) transitions, and
0 - -1 and 1 - 0 (emanation) transitions. In the given case the
probability of all these transitions is equal.

The relative probability of the transitions is given by the
formulas of Table 14.1 for the cafe J -J and m - 1 --- > m, which
also hold for transitions between sublevels of the same level. Be-
cause of this,Table 14 . 4 ma be utilized in concrete instances.

. 6.
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'"he magnetic resonance metho with wleculer be ams' is extremely-
ieehsitive, and enables a very high degree of precision to be attained.
Its most Important aspect is that the effect of a radio frequency
field on free particles is studied. Iwever, from the experimental

iof vew it is very difficult because working vith molecular
eaas,, especially in magnetic fields, is. ccmplicated, particularly in

ztpect to the requirement of special vacuum technology.

The second method of obseryation of magnetic resonance con-
cista of measurement of the absorption of radio frequency radiation
'y a. substance placed in a permanent, homogeneous magnetic tield. The
rs.io frequency magnetic field evokes transitions between sublevels
ot Zeeman 4plitting, with both m---) m + 1 and m +. 1 --4 m tr*zansitione,
i , 'both absorption and forced emanation occur. For expample, in the
iplest case of Zeeman splitting of a level ith J * 1/2 (of. Figure

.12) this. correspobnds to the transitions -1/2 -- )1/2 and 1/2-./2
The observed absorption in the difference between absorption and
forced emanation. The coefficient of absorption, measured by experi-
viznt is determined by formula (5.98) and contains the

h#,factor, and it the given caae h v E., Em. is~ tA

4Lfference in energy of the Zeemen split sublevels. lkiaetic
resonance may 'be observed as a result of high aensitivity of contepo-
rery radio technological mothodl, even in the case of very close

eeowa split sublevels. Despite the presence of experlmental methods,
'tudy of absorption in the radio frequency range does not differ ir

Iineiple f*= study of absorption in the optical range, whi3e the
Xaetic resonvnce method with =olecular beams has the su'bstantiali'/
vantage that not radiation, but change in the status of particles
tiniblected to the effect of radiation is studied.

Study of magnetic resonance by the absorption method is consid-
trably simpler than the molecular beam nethodo, and also enables at-
tainment of high resolving power and very high precision of meaetr. -
mieri. This method usually is used in the 3tudy of substances in solid
mod liquid state, which on one hand enables different conclusion" to
Ie made relative to the condensed state of the substax-ice, but on the
ather hand requires introduction of nAny corrections in the determina-
tion of the properties of inrdivIdAIl particles. The values of magnetic
mmernts dietermined for particles interacting with the arrounding
pwtlicle, may be distinguished from the values of these moments for
tree ;articles.

it is noted that uoual1y in the obstrvation of wmagretic reso-
nwace not the frequency of radiation causing the transitions, but the

L intersity of the permanent magnetic field in which these transitions



are obAeerned is r*IeL lby the oleua besm, or, absoption rzethod.).

Thuas to satisty the relationsh4k 1y1v~,r;gig h

vzx-ev is kept cozstant axQC. /I ie a~c Thenikf orc tin, spectrva
Are ob.tained nnt on a, frevexrny scaiw6 (or vrave tznigth st~e),but on
a scale of intenmity of the mawnetic t'Ield,

1k.4 Invests g- ttn of Blectrorile Wiett3Reeonurmoe b-,j hexAlomic

Keaweami, f agnetic reasrc o% i beesas, be~li a
pati~tr ase of XEOJecu'Lmx beaj , eneblsm tkis eliactronvic zagiatic

momentsF. of atoms in basic ondtition to bt. xzeasurm-l vitx very high
pr-ec-ision, on the or-der of' one uneatosxct.A ;znrticuaxr4
gi; pie case ,-s that of atowms wl.tt on-e extern al s-looz~for wshich
the main level ±is the ns 2,k leVeL (&,tOMS Of 1: trcc.A.IAl

ci 1;a C - u, Ag "as Act; af. Table 7' Th)2 .=IT-I
1 '2 &nd '*- -132 axe ob'4trve'i (at,. Fi;gure io-Jl2), whiichi are con.
nec'zea. ith a chwnge In the orientation of the sp.in fmnt of th)e
e:Lectrmi mWx-etic f.ield. The mal'n reslt of<.r4n ts ih

these at m i ad &Iso with atoms inu other basic cni.in~atc-

Laxly in -the corditi L nf 4-a2 b)i thvt the £aotor g freiectn n.
-pin vXagnetic m'ntis differeut from the 'va-Le 2. 'Coo
thaeory cf Dirac leads,~ i-e., the mea-iito4de ofmagntic Jo.votfl is3no

'; tv to0 tthe Bo& ima"eo !t(o ( ~) is anomaly of' t4,he wag-
etcus omert of the elcrn asto cee2i Chwpyter c, Jis C.aoveed, bty

radiation correctioc- whicla ma2y be frounmd through utij.lizat-ion of -thJe
quatumeletroynaicsmthods. Vie theoretical,

v&alue of the na~pnctic zmnzat IC1, oTfX~c the elect-ron when

usiniz, corrections on. the orde: of aand a2  wre a i s thae consat41
oL' gine structure (4.48) is

a a,

floe ~ o ecnSplitting for tkicn baaic ott.io

1 ss'ct the hydrogert atom bythe 2apCtCriontcmthd'Aith an1

btomcIeam lead!; to thue val-ae

For termiolb&7~ see page I.



4 = IA- 1001146+ 0,0000012, (14.69)

which ;:pproxum~tos the theoretical value (14.68). It conforms even
more closely to the value g/2 of (14.68), measured directly for free
electrons (d;. (14.81). This conforaity, together with coincidence
of the theoretical and experimental values of the shift is S-level for
the n - 2 status of the hydrogen atom is a basic proof of the correct-
ness of deductions of quantum electrodynamics obtainei on the basis of
consideration of radiation corrections.

The experimental value of the g/2 factor for H I is equal to

1.001128 - 0,000012, for D" is 1.001128 - 0.000030, for He4 is

1.001117 f 0.000020 and for Li 6 and Li7 is 1.00114 1 0.00012, i.e.,

in all cases the correction obtained is equal approximately to

0.00116. The relative change in electron mass connected with

the hydrogen atom must be taken into account in making co.parison

with a free electron. This change in mass is 1.8 • 101, and gives
a correction of +0.000018, which leads to the value (14.69) for a
free electron.

The retical computation of the value g/2 for He in the basic
condition Sl leads to the value 1.0011044, which also agrees very

well with the experimental value introduced in the above, 1.001117 t
0.000020.

The method of magnetic resonance in atomic beans may be used
in investigation of the picture of Zeeman splitting of energy levels
not only in weak fields, but also in intermediate, and strong fields.
Along with study of Zeeman splitting of main levels of atoms the
picture of splitting of excited levels also maV be investigated in
principle if a sufficient concentration of these atoms is cret;ed in
the beam. investigation of this type was carried out by Lamb and his
associates in studying the shiest of S-levels (248, cf. Paragraph 6.8);
namely, study of Zeeman splitting of levels with n - 2 enabled the
value of this shift to be determined with high precision.

The peculiarity of Zeeman splitting of excited levels of the
-hydrogen atom consist of the fact that there are closely adjacent
levels with different values of 1. Fo r n 2 we have the levels

L2s 2S,, 22P,,, and 2 2pi, (of. Firare 6.14). In this, the magnitude
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lfo splitting in magnetic fields is on the. order of several thousand -

gauss of the distance between the 2PO 2_ and 2P/ 2_ levels. The picture

of the splitting of levels with n 2 is abown in rigure 14.15. In

this, the even level 2 splits independent34- of uneven levels

21 2p , for which we have the case of splitting in intermedi-
1/2 3/

ate fields, corresponding to the middle portion oal' Figure 14.1. In
the given case this splitting uAy be compuzed easily, taking into ac-
count the interaction between two levels with a = 1/2 and two levels
with Ms=-1/2. In all, we have two even levels with m w 1/2 and
ma -1/2, indicated by.,, and , and six uneven levels with m - 3/2,

1/2, -.1/2,'-3/2 (froM 2'P/ 2 ) andM - 1/2, -1/2 (from ind-

catedby a, b a, d, e and f. In distinction from the ceace cf transi-
tions between nublevels of the same level, possible only with magnetic
dipolar radiation, ordinary electric dipolar transitions with the rule
of selection am -, 0, t 1, are possible oiny with magnetic dipolar
radiation between sublevels of the levels e-S and 2po, the ova as in
the case of splitting, of spectral line& in the oytical ramge of the
spectrum. In thls, forced trnsitions with A = - 0 axe evoked by
radio frequency electric fields parallel to the permanent magnetic
field, and trwnitions with A m = ; 1 by a field perpendicular to the
permanent magnetic field. Accorling- to the rule of selection the fol-
lowing transitions are possible:

AM 0 -e. az--b; 1-f.70)c

n the experiments of Lw"b hydrogen atoms in a bea were excited, as
described in Paragraph 6.8, by veanaz of electronic impulse. Atoms in
excited state Z and incandesce (vevechivayutaya) immedi-

1/23

ately due to optical transition at the basic level 1 S 1/2, and atoms

in the 22S excited state are metastable and remain in the beam,
1/2

falling into the magnetic field in sufficiently large numbers. In
this, atoms located at the sublevel P (m , -12) are less stable than

- 6T



f-t the i/,(m - 1/2) viblevel due to the possibility of transitions

without irradiation under the efteat of a perpendicular electric
field* at the sublevel e, with which the sublevel/l intersects ap-

proximately at R - 540 gauss. As a result the atomic beam is
polarized; It contains almost exclusively stoms in the conltion

1% (2 2S,,. in 4/)Condition.* Careful Measuremeat of the T requency of
12 - e and Ia- f (forced emanation) in a field R .,160 Sufss for
hydrocen (frequency of transition 2395 Mc) enabled the precise value
(6.87) of the shift of the S-level to be found. -nough measurement
of the frequency of tausition I - a (absorption) in a 630-Sauss
field (frequency of transition 10,795. M) the value of the energy dif-

feretce ep 2 28 for deuterium (6.88) was found. It may be
3/2 1/2

noted the in addition to electric dipolar trensitions magttio
dipolar transition! a -, P in the form of a very abrupt resonance z iD=,,

was observed, which was utilized for calibftion of the manetic field;
the frequency of this transition, according to formilas (1r-4) and
(14 .68) is equal, with a very good degree of approxibation, to

Transitions between the 8/ sublevel of the level 211/e and the sub-

leve~ls e. f, and a of the levels ? and P are much less abrupt

due to the great natural width of the P level, connected with the
resolved optic transitions

2 2PO - I 2Sj1, I n 2 I 2S, 13,

which occur with considerable probability. According to Table 6.6,

7 this probability is equal to 6.25 * 10 see " which, according to
formula (.128), gives a level width equal to

" i A 6,25.-H I se 10m 1-2(l I.72)
2% 6,28

Due to the law of induction, this field acts oL. rapidLY
moving artiolea flying through a magetic field. For transitions
with irradiation, under the effect of an electric field, of. Chapter j
15.



I~hewidh is inoae& further die to the supesf ine is. -'act=re- Hoir1-
ever, due to wsmmtr- of li41ne aortor tae vwlur of maxli= intensity
(-with the introduttion of wwUl correttioas for the exintima lov*
afiy=M'try) By be :founrd Vith -exy hig ee:cWa hicb &1;o cve~tev'
t~de poseiltbUity the precise 'al2ues of thoeqa4aa oftnsio.

a-4-8. inetat-lr ofEet~i &ote eslawnce Ly~ the

The rethod of eiectroulc. Duamctic reoo;xawice i~ oftez.
called simnply psaa1eIkic recnane, is & ver imortaut aad gbaorp-
tion imethcki. .1lectronic psaraagetic rezonne, odiscc.'verc. 'by
2Zavoyaiy (cf. page 2)t. is ebserred, in the mirowave ramVe of' the
Z5&o frequenca ye~i in~ thtiat tite &1 xtexace 'betweer ad&jaceat levels
O'f ZeeM8A Splitting OXI the c 4arde f ad In fieldr. crn the order of
1,W3 gause is on the order of eel* (ef. (14.6)). Vie -Inase o f simil-
taneoue ab-zoptiot and ^ agetitsn of a. rnbstauce is the orieyitetion
osf electroaic msgnetic raoz~kit by th,-.ertra- x vagetic £ie4.. At hkV
equilibrium the colonization of sublevels of the Zeewi~w splittinzg is
6!itermained by tle formua, of Bolr&mn (5.lO)*

a0Ae~ ~' =a 0A AT (14 -73)

where 6 Z is the sqpplevent&I7y en-tra In the mapzetic fieL~I -of.
(14.L) and11f(l1.8)), n is, 'the nugAr of particles, e&nd A is a coastexct
(dteteriuad 1w. the condition that the total. nwi of partiles at e U
leyels is~ equ~2. to no). As a reasult of a soewsheit laxier population of
levels with lower values ro the sdwtaae in, the r. t et~ f jee'Ld - s. t
p~ o, . resultat msgnetic roment, i.e., it is -.vagnetized. For the

same re~son the n-waber of tranitions wt-4m + l~iethe n=uber of
abopt, ey procems, is. greater than the nv. 4 er of tranaitions

m+ 1-~ , e-,, the n',zdber of processes of llorced errimiaticn; this
as~lo leads to a value of~ the adduced. coeff-loient. of abs rtion (c~t
forravla (5.6~8)) difterxent from zero an-d 4eriin xrom ?om.ls ('5i.84
(5.91) and (5.98)p wh~ich also deterru-ie the abse, "01"o oset"- -n the
epermnt and representing t,";.e differeno-, Vxktween, Wusorptioxn and±

forced emwzat±on. The cefficient of abso-iAAot fo the trnxition

I n this it 11, tiocn into) accotuit thi;t hst tiL
weight to 9.U suiblevels is identical arkd. equal to I id'~x~ n ~
the m~e~ntia field is deducted. The eej reading in (-L)+.3) :1s

LZaken relative to the non-sa4t level Ai u.



W-4m + 1, according to (5.98), is equal to

Ihvi ,- -Bm. m+1 (Y)s

Where Bi, M+1 (v) is the probability of absorption for .magnetic

dipolar irradiation. In the micrcrave range the coefficients of
absorption are sufficiently large to be measured even at relatively low
concentrations of paramagnetic particle*.

4#P4

NowN

SM N

C m4-

n.4

Figure 14-.15. Splitting of the n 2 level of the hydrogen etom in a

magnetic field.

'The order of magnitude of the probability B., m+1 (kv) of the

transition from sublevel m to su'blevel m + I may be easily evaluated,
and starting out from this evaluation the order of magn.itude of the
coefficient of absorption may be found.

L
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'The spitm pobabJity of abeox7tion. rvlatirg to the utit -
of in-tarval of ftqcy erxtars Inzto fomula. (14.74i) wa ",cordn to

vtere B., is the intvarsQ V'reoa"1111y of abarpdn aa4 Av.

.-f the wiath of tbe apeetmine fo t~o he tmmstion Sa _4Z +1.
Expresalli~z B, r+ througeh tb* magm~ttams~~ of traztiony
apoirdcing to form.4as (4-8) 41& .73) we obtaitn k g,"

Bm m +I A .6
i C3  64g 011 I =

'V 8ikva 3h CS Am1 -17 3jhC i 1~

The mgnetic moent of tranmition Is tte oior~ a~r w.gnitlde or the

wrnaiton of Both ,O .. ,_,, mrni401O erg/gass (cf.

(2.47), At a line wtdth on~ th~e ordor of laSLO

and~ for the coefficient of abopioa (14.-4), "=ing

I ~. I-~at T- 300c
C Y.I ~ 3 kT 20 u'

%cf. I .5.31))o we fid that

Taking~ into &*roaant a oq xg2L to the nunier of parUties r-er =mit
Vo.-we for a 0oudenSed, zedi= o= -the ordr of 3.0 42cm3 we obtain

z, zzi 0- 1 , i.e., the coefficient of~ abeorptioen has a frorl-,.az~

vaue. With a reietion ini line widti'this coefr"icieat will inere-ase
Cornspondingly.

L
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Introducing the cross-section a fot absorption according to -T

fo00 u1 - an(,, where no is the number of absorbing particles (cf.

(5.86))*, we obtain a value ai o on the order of 10-23 CM2 .

Absorption in forms containing i01l absorbing particles (262)
' be discovered in the most sensitive modern apparatuses for st ud

of p ramgnetic resonance under favorable conditions. (f
Ill

The simplest case of paramagnetic absorption is obtained when
the absorbing atoms have orbitan moment equal to zero and one electron
with non-compensated spin, given a spin moment of S = - 1/21 This
oese occurs for atoms or ions with one external s-electron (basic con.
dition of 261/2; of. Figures 6.1 and 8.3-8.7). As in the case of

magetic resonance in atomic beams, the trtzesitions -1/2- -/2 and
1/2 -. -1/2 occur in a magnetic field (absorption and forced emana,
tion; cf. Figure 14.12). -In distinction from magnetic resonance in
atomic beams the intensity of a single line obtained is determined by
the difference between absorption and forced emanation (and not their

An analogous case is found in more complex atomic systems for
free radicals (chemically unstable), formed as intermediate products
in chemical reactions and having one electron with non-compensated
spin. Ordinary chemically stable molecules, as a rule, have an even
number of electrons forming a saturted molecular envelope, and have
complete mechanical and magnetic moments, equal to zero. In distinc-
tion from them, free radicals have a complete electronic mechanical

ment S = /2 , and correspondingly a complete magnetic moment
t p (of. (2.56)), and these radicals mor be discovered easily,

if their concentration is very low, by the paramagnetic resonance
method (101).

) if for the absorbing particles there is one basic level of

the multiple e - W + 1, then at Ithe constant A in (14.73)

i -qua "t .an... i.c, andno are of a

single order.
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For the case of ato.,Lks having electronic moment different from 'I
zero in their bas c ste.ti and nut having purely spin moment, a sub-
stantial diffTeence is obtained upon inrestigation of mwngetic reso-
nance in atomie beams and in investigation of paramagnetic resonance.
Because ,arsn etlc resonance usually is studied for substamces in a
condensed state, the absorbing atoms my not be considered free. as
in the case of maWgnetic resonance in atomic beams. Even if the atom
is not included in a mclecule (which recificaLV' occurs for paramag-
netic ions in arystals) its rain level splits in an electric field,
formed by the sa rounding particles, aud the Zeeman split will be dif-
ferent frm that obtaired for a free atom*. Consideration of the prob-
lem of psraL? jLetic resonance in simi±ax cases requires preliminary
consideration of the interaction of the absorbing particles with the
surrounding particles. The il= ra tion between putieLes has a
telling meffect lso on the contour of the paramagnetic resonance line.
At the pre.sent time paxramgnetic resonance is one of the effective
methods for studying interaction between .exticles in a condensed sys-
tem, ar4 in general the structure, of these systems both in solid and
li quid State.

Magnetic resonant absorption by electrons of conductivity
("free electrons") Vhich has been cbser;ed for metals constitutes a
specie. case of I&ramagnetic reso1omce, ad is due to their !pin
(2$59). he magnitude of slAlittng, as in the cas-e of the ns S1 / 2

statug of atonx, is equal to 2jBH,. iBeeau.e penetration of a magnetic
field into the metal is determined by the ain effect, diffusion of
electrons in the range of the skin etfect and outside this range plays
sa important role; this diffusion may be conaidered theoretical.

The ferromagnetic resonance (cf. page 2) observed in ferromag-
netic bodies is a particular case of electronic spin magnetic reso-nance. It is connected with the spin interaction of pearticles in fer-
romagnetic bodies and is of interest from the point of view of the
study of these interactions,

To the presert we have 6iscussed ragnetic resonance caused by
the presence of a constant magnetic moment in pa.rticles, which is
oriented in the magnetic field, and which also causes the observed
splitting of levels. For free electrons magnetic resonance caused by
their movement in a magaetic field in a circular trajectory, or

This sx....t d s not occur in the case discussed above for
atoms or ions in the basic state P"83/2 as a :esult of the theorem of

,Krmers; cf. Chapter 15.1, (205).
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lrbital movement, is possible. This type of resonance, connected with1
diamagnetism of free electrons, is called cyclotron resonance.

As is well known, an electron moving with speed V in a magnetic
field describes a path like that of amy charged particle*. The radiul r

V2
(I of this trajectory (Figure 14.16) is determined by thelm -equiibrium

condition of the centripetal force on the order of ! of Lorentz

- 4i[ i., the condition .. , - - 'vH. Thus the speed of motion

in the circular trajectory is iW = - = - and the corresponding
velocity is (cf. (2.46) r mc

,0 eH 21&9 H

r = m c - f " (14.79)

The motion in the plane xy, perpendicular to the magnetic field, may
be analyzed into two linear harmonic vibratory motions on the axes x
and y, the quantizing of which gives the following possible energy
values (cf. (145 and 146)):

=hV (n + ehH n I

2IH (0, 1,2,...). (14.80)

Thus instead of continuous levels of free electrons, discrete levels
&re obtained, the distance between which is equal to 2 I (Figure
141.7). The presence of similar quantizing leads to diamagnetism of
free electrons.

This type of diamagnetism usually is called the diamagnetism
of Landau; in 1930 Landau demonstrated experimentally (204) that ac-
cording to the quantum theory free electrons have diamagnetism in dis-
tinction from the classic theory, in which diamagnetism of free elec-
trons is lacking.

) In particular, as in the case of charged heavy particles
in a cyclotron, whence the name cyclotron resonance.

L.
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Me1

Figure 14.16. Move,ent of
an electron in a circular

Figure,; 1,4.17. Energy levels

for free electrons in a
magnetic Xield.

Transitio±e are possi.ble between levels of free electrons in a
-wagnetic field through change of the quantu nutabezr n of the osaills,
tor by ! 1. 1 ,his is ordinary electric dJ.polar treasition, correspond-
ing to the components of dipolar mownt perpendiculax to the field,
and consequently occurring under the effect of an alternating electric
fieid, of frequency v, perpendicular to the permanent :wnetic field.
Forced transitions of this type (cyclotron resonance) are obtained
vhen the frequency of the radio-frequency electric field perpendicular
to the permanent agnetic field coincides with the freqpency of transi-
tion.

F'rom the classic point of vi3ev we have irradiation of frequency

4, determined by formula (14,79) and equs.1 to -. eH- In a

coordinate system rotating with angular velocity ) =-= I, - Mee

equal to twice the angular velocity (2.69) of Larmor precession, the
electron will recede, and the r,,'aetic field H cannot act on it,
Thus precession occurs for free electrons in a Y.,-agrnetic field, the
freauency of which is equal -,o twice the frequency of Lr-m--r precession.
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Cyclotron resonance is observed for slow electrons in the micr '

weare range of the spectrum. Its zeaureznert enables determination of
the cyclotronto frequency (14.79). in the given magnetic field the
r.to of th" frequency of magaetic resonance f1"r the investigated
magnatic moment, proportionate to the magnitude I of this -moment (af
(2.59)) mev the cyclotron frequ ency ma be measured, which is ex-
prtesed by the 3ohr magnetor I&B, or in other words, from the point of
gra lhic representations, the ratio of the frequency of preceision of
th ;hnvestigated magnetic moment tb the frequency of precession of free
electrons my7 be measuwed. In this, the value of magtetic moment is
otLWaned directly in Bohr magnetone Ip. The magnetic moment of the

preston was a. ured with great precision by a similar tethod (268)."

The anomaly of the- magnetic moment of the electron w measured
very precisely for free electrons through the difference between the
frequeney of precession of spin of the electron and the fxyquency of
the tylotronlc resonance (at g a 2 these fre-uenoies coincide and are
e Ia.l to (14.79)). The measurements were perfomed with double dis-
PerAs:Lon (on gold foil) of an electron beam in a magmntic field, and
gwy1e tbe value (266).

S -(1,00 11609 ± 0,0000024),(

which is in complete agreement with (14,68).

According to the concept of Dorfman (260) the cyclotroac reso-
necee may be obtained for conductive electrons in metals and semicon.-.
ductors. In this, the actual electron mass me is replaced by the
effective mas M: in formulza (14.79), the distance between levels in

zawguetic field is decreased by the functLon . and the value of

the effective mass W.y be determined according to the freqaency of
reuo ,e ce. The cyclotronic reseonar. ma be obser-,v.od for semiconduc-
tors (ailicon d germnium crystals) not orl y for electons) but for
gaps;, *a well (261).
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