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S ' Far-Infrared Magnetlc Resonance in
Fe (III) .and Mn(III) Porphyrins, Myoglobin, Hemoglobin, -
Ferrichrome A, and Fe(III) Dlthlocarbamates
G. C. Brackett
Department of Phys1cs, Unlver31ty of Callfornla
and :
Inorganlc Materials Research D1v1s1on,

Lawrence Radiation Laboratory,
' ‘Berkeley, California 94720

ABSTRACT

. I.Far'ihfrared’spectr0300§ie technigﬁes are.used tqutudy
the-magnetic resonaﬁee of'Fe(III) and Mn(III)'ions in molecﬁf
Iefﬁsites'with.lafge'axiél end rhombic fieldsg Measﬁrements
of transmission spectra over the range 3—lOQIcm—l are discussed
for a'greup of polyerystallihe compounds, ipelﬁding several bio-
loéical eomplexes, at temperatures'betweehfl;3 and 50°K and in
applied magnetic fields up to 50 kOe. The.speetra show magne-
tie resonance ebsorptions which are consistent with a number
_ef cases of the spin Hamiltonian formulatien, and the spin
vHemiItonian:parameters (b}E,z 1 cm—l) arevdirectly obtained
from the spectra. The observation of.resonances due to high
spin Mn(III) aﬁd to the ferromagnetic resonance of ((CgHS)eNCSé)é
Fe(III)Cl is reported. These measﬁrements‘show that present
far—infrared techniquee offer a direct mefhod for the investi-

I getioﬁ of the effects of large ligand fields_on paramagnetic

ions in molecules.
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I;‘ INTRODUCTION

A humber.6f powerful teéhniques have béen'apélied té the investiéatibn
of the elécfronic properties Of'péramagﬂetic.ioﬁé:in molecules. Consider-
able iﬁféfmétion haé'beén obtained from spectroscdbic measurementsrin the
microwaﬁ¢, neaf infréred, viéiﬁle, énd uitravio;et regions éf the electro-
magnetic.spéctfum, and from Mossbauer resonance.é€ highér frequencies.
Although_fhé detailedlstructure of the électfonic épectrum is complex,
it has frequently been found that the magnétic pro§erties of the ground
term cqﬁld‘be adequatgiy described by a simple_Hamiitonian firstvproposed
by Abragam ﬁnd Prycel in 1950, The‘simplicity ofvthe description results
_from the 1nteract10n of the ion with the surroundlng 11gands Thé ligand
fleld spllts the multiply-degenerate free-ion ground state, énd thé new
ground térm; which is often an orbital singlet and spin multiplét, is
furthef'split by secénd—order:spin—orbit cbupling;,_The ground term may

then be described by the spin Hamiltonian

5= ug Heges + D[si - s(s+1)/3] f' E[si - 332,] (1)

vhere H. is the applied magnetic field, g is the g-tensor, S5 the elec-
trOnic'spin, and D and E are parameters which deécribe the effects of

axial and rhombic ligand fields, respectivély.
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Conventional electron paramagnetic resQnapgé téchniques have beén
widely used to investigate ions whose gfbund tépmé are approximately
described by Eg. (1). Such meashrements,:on'éompdunds for which the
vaiues of.fhe ligand field parameters corréspond to microwave‘fre—r
quenciés, have demonstrated.thatvthis'description is often adequate,
and have obtained accurate values for D and E. Héwever, there is a
large clas$ of interéstiﬁg compounds where the va;ues of the spin
Hamiltoniaﬁ'parameteré are considerably larger (D;E z 1 cm_l). This
class of éémpounds contains many eitensively—stﬁdiedbbiologicél molecules,
the most weil—knowh‘qf'which érévVarious derivatives of thevhemobroteiné;
suéh as-myoglobin and hemoglobin. In addition, it also includes a number
of metaleorganié_complexéé; suéh as the transiﬁiéﬁ—metél.porphyrins. o
Microwéfe measurements on these compounds.have been'interpretéd in terms
of Eq. (1), but although the observed resonances_éah be used to obtain

estimates'of the spin Hamiltonian parameters,’they only depend upon D in

second 6rder, and are relatively insensitive to the effects of small mod- '

ifications’of'the spin Hamiltbnian. However, higher frequency magnetic

resonance measurements, using far-infrared spectroscopic techniques, can

Y4

obtain detaiied information on the spin Hamiltéﬁién for substances in
this class. |

Wé-hgve measured the fér-infrared transmiséionvspectra of a group of.
such compounds contéining Fe(III) and Mn(III).  The:measurements Wefgamade
over the frequency interval 3-100 cm_l._ The Samples were polycrystalline
powders of.frozen solutions at ﬁeméératures befweehml.3 and 50°K, and in
magnetic fields up té 52;k0e{ 'The spectra show mégnetic fieldidependenf

absorpfionswdue to magnetic dipole transitions between states of the
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par;maghetic_grbund multiplet. Cur éxperiménts may‘Bé thought of as
.high fréquépcy; high:field eiectron paramagnetié'feéonanée; with'tﬁe
exceptiéﬁ that_a éontihubﬁsvfaﬁgé_df both ffequéﬁcj'and‘field is available. -
The mééédrémentsvhave ehdbied:ﬁs to‘inVestigate th¢‘validity of_the sﬁin

' Hamiltdhiaﬁ?approximétioﬂ, and to'obtain'directiyﬂvgiues for the parameter
D'(and:océaéionaliy E).

N In'fhis papef; ﬁe‘shall'present results for férrichrdme A, tris
(pyrroliqyl dithiocarbamato) Fe(IIi); and certain gbmplexes of
ferrimyoélobin, ferfihemogldbiﬁ, Fe(III) porphyriﬁs, Mn(III) porphyrins,
and biste(III) dithiocarbamatés;‘ This groﬁp of ¢oﬁpounds is
partiéﬁlarly:wéll suited for such s general,study because'it contains
illustrafife éxamples for a variety of caseé offﬁq;.(l). In terms of
the spiﬁ Héﬁiltonian parameters, the cases invgétigated inélude:
's%3/2,’2;fand 5/2;.D > 0 and D < 0; E/D << 1, and.E/D=0.25; and

guBH/D <<:1 to guBH/D >> 1. In addition, one of the compounds,

5)CS)

“strong magnetic field—independentbabsorptions whigh'méy be due to low- .

((02H

NCSz)éFe(III)C13 is férrbmagnetid, and]égyeral show spectra with

ffequency molecular vibration modes.. Our experimgnts on the manganese
porphyrins:have obtained the first'magnetic respﬁgﬁ@e data>fdr'theée'
Complexes_which can definitely be Attriﬁutéd t§ Mn(III). Finally, the
resultsvfor myoélobin, hemoglobin? and ferrichrome A indicate that |
detailed ihformation on the effecté of the ligand fieid can be obtainéd' 
ffom investigation ofvintact'biéloéical mpleculeé in the. far-infrared
région;- .
Théforganization of thié papef iS'as follbﬁs; Section II includes

a discussion of the relévantvcases of the spin Hamiltonian of Eq. (1)



UCRL-19651

and brief comments on theicalculation methodé used to analyze the data;

Sectioh ITI contains an outline of the experimental techniques employed;

Section IV presents our experimental results for each compound together

with some discussion.
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II. THEORY
A. ‘The Spin Hamiltonian |
Excellent discussions of crystal or'ligand;field_theory2’3 and of
" more general forms of the,spin.Ha.mJ'.Z‘Ltonia.nl’l‘L are'evailable, and a
completé:derivation of the spin Hamiltonian for'ferrihemoglobin has been’

>

given by‘Weissbluth In this section, we‘shall'confine our discussion
to the cases ‘of the sp1n Hamiltonian of Eq (l) whlch are appllcable to

our study Although the general theory is w1dely understood, the

o detalls of the predlctlons of Eq (1) for spec1flc cases may be un-

famlllar,.
We shall consider a simpler form of Eq. (l)hwhich is sufficient to -
analyze our polycrystalline spectra:

521

_ . 2 o
H = guy H-§ + D[S, - 8(s+1)/3] + E[s_ - v o)

In Eq. (2), the g tensor has been replaced by an'isotropic g-factor
with the;free spin value g=2.00. Our results also do not require the
small_@ﬁartic terms in the spin operators which are occasionally in-

cludedéfin Eq. (1).

B. Eigehvalues and Eigenfunctions
'The energy—ievel spectrum of Eq. (2) isvdistinguished by two
genera} characteristics: | B
'(i). In zero magnetic field, the eigenvalﬁes of Eq. (2) are separated

by "zero-field splittings", which are functions of the parameters D and E.



6

'UCRL-19651

For S=3/2 and S=5/2, the states are Kramers doublsts, For S=2, tﬁe
states sre all singlets except in the case.E=O wﬁereithefe are fwo
doublets and a siﬁglet.. |

(ii) in a magnetic field, the eigenvalues’sre further split by
the Zeeman‘interaction; and thsy are strongly dependent-on both the
magnitude'snd direction of the applied field. |

The behavior of’the‘spis‘Hamiltohian sbectruﬁ for each spin value
can be most easily investigated in terms of theiaimenSisnless,ﬁarameters
A=E/D and ﬁ'=guBH/D. Départﬁres froﬁ axial symﬁetry.are indicafed
by the value of A. The fange 0 €A é‘l/3’dsssribesvsll of ths distinct
physical possibilities; for X:> 1/3, a new set ofsqsoidinafé axes may be .
chdsen7 in which the spin Hsmiltoﬁian has newipafameters D' and E' and
a value A' < 1/3. | ‘

| We have calculated the variation of the eigenvalues and eigenfunctibns

as a functisn of H' and A for 5=3/2, 2, and 5/2.J.A1though'theudetailsd
behavisrvis coﬁplex, a”fsy simple comments can.bs made whicﬁ are very
useful in‘the interpretation of our‘expeiimentsi'spectra; In the
follqwing.discussion,vwe shall'usg the sigsnstates of Szvas a basis set.

The variation sf the zero-fieldveigenfalues:for each S as a
function of X is given in Fig. 1. Forbl=0 (E=O)€ fhe eigenfunctions of
'Eq. (2) sfe:eigenstates ofvSZ with Kramers doubietsvcharacterized by the i
value'of‘lmsl. The zero field splittings are iﬁtéger.multiples of the
axial crystal field paiameter, D;v For D.>_O, tﬁe ground state is given

- by the minimum value of Ims|;'for D < 0, the level system is inverted.

2

If X is non-zero, the term E[Sx - 85] couples states differing by Ams = 2.

The eigenfuhctions are no longer pure eigenstatés‘of SZ and this
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admixture’is.reflected'in a_éhift of the Kramers‘doubleté for 8 = 3/2
ana é = 5/2, and a splitting for §'=2 (Kramer§f £heofem does‘not hold
for ionsjwith an éVen number of electrons.) The‘zéro-field splittingsv
are‘theréfore a function of A, and this dependéﬁce can be used to
obtain a Véiué of A as diséﬁésed'below. | |

The eigenvalue Spectruﬁ as a function of H'»for Eq. (2) with A=0 is
éiven for each § in Fig; 2. .Thé eigen&alues depend.upon the magnitude
and orieﬁtation of the external field g with feééeét to the coordinate
systemuin which the spin Hamiltonian is written. For A=0, only the
polér anglé BH of the field with respect to the z-axis is required to
detérmi#elthe speétrﬁm,’and we havé given‘éurvés for GH = 0 and w/2.
(For Aif{o; the.spectrum also dépends upon the azimuthal angle ¢, and
- can différ markedly froﬁ the curves shown, although the qualitative
characteriétics remain the same8). _

Forgg Iz (GH = 0), the eigenfunctions of Eq. (2) are eigenstates
of'SZ, and-fhe Zeeman splitting is linear in Hf, for H Lz (GH = 7/2),
ﬁhe Zeeman ferm guB §'§ mixes stgtes differing by Ams =+ 1. For.

H' << 1, this admixture produces a linear splittihg-of the zero field 7

m, =% i/2 doublet for S = 3/2 aﬁd 5/2, with an effective g-value Which"
depends ﬁpon S (for S=3/2, gl=h; for S8=5/2, gi=6),v The remaining
doublets,'for ééch S, split quadratically. For_.H'"~ 1, the eigenfuncfions
are mixtures of all eigenstates of Sz, and the'yariatiqn of the.eigen—
values With"H' is complex. However, for large.Hi?:the eigenfunctions

are nearly pure eigenstates of S the projection of S onto the magnetic

H,

fieldeg and the variation of all eigenvalues with H' then becomes linear.
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This behavior is completely analogous to the’ Zeeman effect in atomic
multlplets split by the spin-orbit 1nteraction and the high field limit
corresponds to the Paschen-Back effect. The limiting values of ms‘and
m,, for H I 2 and H L 2 respectiuely are indicated:on'the figures for the
case D >'O;5for D < 0, the signs of m and'mH snOuld be reversed.
The most important feature of the spectrum%for_powder spectroscopy
" is the large‘variation of the eigenvalues and eigenfunctions with the
orientation of the apnlied magnetic field. ln.nfactice, this results
in broad, complex absorption lineshapes} |
C. Polycrystalline Absorption
The transmission spectra of samples containing:naramagnetic ions

- whose ground multiplet is described by Eq. (2) show absorptions due to
magnetic dipole transitions between the states discussed in the previous
section. The observed spectrum for a single crystallite can be described
by an absorption coefficient a(Vv), which is, in general, a function of
D, B, H, GH, and ¢H’ as well as of the directionhof propagation and
nolarization of the incident radiation. For a“given transition n
between initial state Il > and final state [f ) the absorption
coefficient may be written (see Appendix A, Section 1)

lm2 2

= y - .‘A . 3 2

_where No is the concentration of paramagnetic ions; p is a lineshape,‘:
function, k and m are unit vectors in the direction of propagation and
electric field polarization respectively of the incident radiation, S

is the spin operator, and'\)n is the freguency corresponding to the

w
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differenCe ofbthe éigenvalues of the'initigl and‘final states. In
"addition;'at a given temperature T, the absorptiénméoeffiéienf nmust be
multipligalby Pn(T), thevdifference.in the therméi‘popuiation of the
-two states. The ﬁotal absorption coefficient fof’a'single crystallité

is then

av) = g an(y) Pn(T)“_ : - (%)
where fﬂe‘sum is over all transitioné withih thefground multiplet. The
spectrﬁm;fhus described will show‘a series of absorptioﬁ lines; one

for each tfahsition.‘ : |

Thé;ﬁfénsmissidn’épegtrum ofvé poiycrystallinéfspecimeﬂ in a

| fixed méénétic,field may be.obtained by éﬁeraging"Eq. (%) ove?'all
crystaliiﬁé orientatiohéf Invburlexpefiments; the -incident radiation

was unﬁolarized:éhdvﬁas‘strongly séatteied withih’the samplé; which was
piaced'within a low-Q transmission cavity. - Undéf fhese conditiéns, the.
average over crjstallite orientations reduces £o tﬁree independent
'averages over the directions éf polarization , propagatlon Q, and
magnetic fleld H In‘general, the first two averages may be carried out
analytically, but the last must be performedunumérically. (Later, we
shall briefly discuss thevimportant case H' >> 1,‘ip which the‘absorption
coefficient may be obtained in closed form. ) Aftef the averages over
polarization and the directiqn of piopagation have:been calculated, the
_expression for thevaVefage of Eq. (4) may be wfitteﬁ‘(see Appendix A,

* Section 2) - s
: ﬂN eV

Zf[p(vw ) B, (T) W laq, ‘ - (5)

a{v) =

hm
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" where

.dQH =_sinBHd9Hd¢H
- S 5 2 2
A AR CR AL R CR AR CPA
and |

K, %1% = KKeyls, l151%

The inteéral over the orientation of H in Eq. (5):ié.most easily Qalcui—
~ated by-pumerical methods because Wn and Qn aré'iﬁ ééherél not simple
functipné,qf the parametersvof'the‘spin Hamiltonian of Eq. (2)4

The ‘results of a calculation of 0o depend up0n.é few éimple properties
bf'the integrand in Eq. (5). The factor of v,_which'appears becausev'
"o is aefinéd as the power absorbed per unit iehé#ﬁ, enhances high
frequency.tfénsitions. .The term Pn(T) strbngly.éupbresses tfahsitions
from states‘elevated more than ~kT above the grbﬁnd state. Further-
ﬁbre, at_high temperatures, when D/KT << 1, Pn(T)'is very ;ﬁa}l for all -
transitipné. The magnetic dipole transitioh probability Wn only allows
- transitions with Ams ? *1,0. Finally, the solid angle dQH strongiy
enhances transitions corresponding to HI z;

As an‘example of the effects of Pn(T) and-Wg;.wé considef'the
absorption-coeffiéient for S=5/2viﬁ Zero épplied field. 'For'low temp~-
eratures, only transitionsbfrom the graund'state-ﬁiii contribute
appreciably. If A = 0, oply thé tranéition from:the grbundvstate to
the_first‘éxcited state is alloﬁed by'the selectipg rules of Wh, and a
will show only one peak. However, if A # 0, th; admixture of s£a£es

described previously will allow a transition‘tq'the second éxcited‘state.
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The'Streﬂgth of this second transition increaSeS'fapidly with A; and for
A > O.l,vtwe strong peake will appear. The'fredueﬁciee of the two‘corres-
ponding exferimentai absorptions are sufficient to measufe both D and A.

If-the tempereture is sufficiently high to pepulate the first
excited sﬁete, a third.peak’due to the transitioﬁ'between the first and
second e#cited states will appear in.a for any %alﬁe of X; in particular,
for sma}l A, the positions of the first and third peaks can be used to
obtain D end X. Therefore, the zero-field sPecﬁrum-is sufficient in
principle.to'determine the pdramefers bf the sbin Hamiltonian. We shall
later diseuss specific examples of these two cases.' Similar observetions
may be mede'for.the zere—field epectfum‘in thevcasevS = 2, with the
exception’fhat the splitting qf the doublets with A provides additional_
informétidn, However, for Sv= 3/2, measuremenf of the zero-field absorp-
tion coefficient is not sufficient‘to obfain valﬁes for D and A, and it
is necessary to measure the absorption spectrum.in‘an appiied field.

In order to compere our experimental specﬁra for S = 3/2 with the
'predietions of the spin Hamiltonian, we.have written a program to cal-
culate a(,,\i) for a specified D,‘ E, H, T, and linewidth. This calculatioh
is described in Appendix B. A Gaussian lineshape. function, due to site
inhomogeneities, was assumed, and the linewidth-ﬁeevchosen to fit the
zero field spectrum. An example of the results ef:this calculation for
D <0, lDI/kT = 0.8, and a small value of A are shown for several values
of H'_% guéH/D in Fig, 3. The upper graphlshows the contributions of
the various transitions to the total lineshepe, and the lower diagram is
a compdsife plot of the variation of o with H'. These.curves illustrate

the compiex.nature of the powder lineshape. We shall compare these
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calculations withleiperiment;in a later éectionﬂ[1;"'

For Hf >> 1, the bare_polycrystéllihé aﬁsorﬁfioh coefficieht
(calculated assuming p(v—vn) = G(V—vn)) can.bé-obtainéd in c;oséd form,
because the quantities vn and Wﬁ can bevexpréssed as simple functions
of the_spin Hamiltonian parametérs'énd the anéieé'specifying the
orientatigﬁ_of g; This can be seen By writing Eé; (2) in a coordinate

as

‘system {x'y'z'} where H Il z', and choosing the eigenstates of S
_ v - z'

a basis set. In this systém, off-diagonal tefms may be neglected,

since,thé'eigenfunctions are very néarly eigenstates 6f S Sz" The

HE
mégnetic;dipole transitidn probabiiity‘Wh is lafgé only for tfansitidns
between adjaceht levels; aﬁd fhe transitipn'frééﬁeﬁcies cluster about
Vv o= guBH:with'a spréad that is a:différeni.liﬁear function of D and A
for each transition. The lineshape fof eaéh ttaﬁéition can be calculated
by ekﬁféssing the solid angle dQH, which islé fﬁnction bf‘two angles,
in'terms of the transition freqﬁency and one aﬁgle using a Jaéobiah
- determinant. The double integral in Eq. (5) then reduces to a single
integral Qﬁich can be expfessed in termé of the:¢omplete eiliptic
integrgl 6f the first kind. The resulting individual lineshapes can
then be multiplied by the appropfiate factors_Pg(T)vand Wn,~and added
to give fhé total bare absdrption coéfficient; This calculation is
described in.greater;detail in Appendik C. We éh@ll cémpare the results
1 v

of this calculation for S = 5/2 with our experimehtal results for

ferrichrome A in a later section of the paper.
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IITI. EXPERIMENTAL TECHNIQUES'f

.Ouf spgctra were obtaihed'using the'téchniques”of far-infrared
Fourier trénsforﬁ spectfoscopy.9 The Michelsoﬁlintérferométer, sample
dewar, and:&etection system émplo&ed have been'reCeﬁtly described
'elsewhgré.;o Although the résults obtéined are analogous to those of
electrdﬁ paramagnetic resonance, there are a nuﬁber of éignificant
differénces. Our spectra wére nmegsured for.sampléé'in fixed.magnetic
fieldsiévef a continuous range of freqﬁehcies.roughiyvdétermined_by_
the spééﬁral bandpass of the»sample, and the experimentél methods used
more neéfly resemblé thbse of near infrared spectrQScbpy than conventional
microwave techniques. ' In addition, the lack of;intéﬁse broad-band
far—infrared sources places se&ere restrictions-updnrthe application of
farainfraréd spectroscopy to problems of thé t&pe,discussed in this
paper.. Since these restrictioné do not generali&‘apply.to other magnetic
resonance methods, we shall briefly discuss_them;f‘.

" The mdst'widely-used far infrared source is'the Rayleigh-Jean§>
region of the black body spectrum emitted by a high pressuré ﬁergury arc
Jamp. vThe intensity of the radiation emitted_byvthe lamp varies
approximétély as v2, and the total power fédiated by the lamp used in our
experimehts into the f:1.5 optics of the Michelson interferometer in

>

the region 0-100 emt is ~2 x 107°W. Our experiments were typically

) . N,
made over the smaller spectral range 0-30 cm ~, where the power falling

8

on the detector, with no sample in place, is df_thé order of 107 "W.
This very small power requires the use of high sensitivity, low temper-

ature detectors; the Ge bolometerll used in oﬁr‘experiments has a noise
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equivalent powef ofv~lO_l2W/¢§;, and it is the liﬁiting_source‘of noise
in ouf-détéction system. The methods of Fourier tr#nsfbrm spectroscqpy
are especially suited9 to this'situatibn. HoﬁeVer, in‘practicevthe
small a?&ilablé sourcé intensity means that:

(i) Spectral features in the sample which absorb less than 5 per
cent of the incident radiation cannot be accurately measured.

(ii) 'épectral regions in which the sample transmission is less
than 1% are virtually inaécessible to our presentsteéhniques.'

These two practical limitations have several.implications for the
present study. For example, accurate measurements'of maghetic.dipole

lineshapes in the far infrared require samples which contain in excess

9

of -~ 10} éﬁins: forvcompounds such as_myoglobin'ﬁhefe the paramagnetic
ion conﬁentration is very dilute, a typical‘sémplé}éonsisfs of 1 éram of
material;"Many large biological molecules are difficult to obtain in
such quantities. In addition, the éample temperétﬁre must be low enough
'sovthat fhére is an appreciable Boltzmann populapioh differénce Pn(T).
For values of D on the order of a few cmfl, liquid helium temperatures

. are necessary. Low temperatures are also requiredvbecause the thermal

population of higher frequency excitations in the sample, such as

vibrational modes, may substantially reduce the low‘frequency transmission,

and because magnetic resonance linewidths generally increase rapidly

with température.

We have also observed strong broad-band absorption at high frequencies

in all of the compounds investigated. This absorption, which may be due .

to low-lying vibrétiohal modes, has. an onset.which varies -roughly

inversely with molecular weight, and it essentially creates a low

s
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' frequeﬁcy.Sbectral window which limitSithé frequency range in which

‘our meaéﬁfeméﬁts méy bé'perforﬁedf‘ Fdr exéﬁple, thé available frequency
range forTOﬁf measurements'of myoglobin and hemgélobin Wasbapproximately
‘3.5-16 éﬁ-;1  The -low frequenéy liﬁit is appro%iﬁaﬁely the same for alllu
saﬁples,iand is due to the sﬁall source,intensity;ét low frequencies.

Within-the restrictions outlined abo?e, howe#er, far infrared
' mggnefic_fesonancé has several adﬁantages overLéther téchniques. The
.major adja#£age is_that both frequency and field informaﬁibn can be
'_obtained“ovef relaﬁively>wide ranées§“in‘partiéulér; larée zZero field
splittihgs'for polycfystalline samples may be diyéctly measured. The
observed épéctra Elearly'show'the variation of the transition frequencieé
with figid; and the individual-transifions aré eésily identified.
Paramagnetic resonaﬂces'whigh are too broad to bé accurately'measured"
by michwavé techniéuesvcaﬁ»bé:oﬁsérved more'eésii&.at higher magnetic
bfieldé ih>fhe far infrared, and the high frequén¢y inforﬁation which can
be obtainéd is ﬁarticularly seﬁsitive‘tq the éﬁﬁfdxia;tions of the spin
Hamiltoﬁian. Finally, far infrared results can ﬂé‘used'to determine
the parameters of the spin Hamiltohian even whgn;the zero field splittings
lie in the microwave region (we shall illusﬁrate:this point in the
discussion of our results for ferrichrome A)..

Our f§r infrared trahsmiséion spectra show:effects due to both
magnetic resonance transitions and the backgrouﬁd transmission spectrum -
of the saﬁple. In order to rémove_the background,ispectra were
customéfily obtained at several valués of appliea_magnetic field, and
ratios of'specfra'forbdiffefent fields were compﬁted. An éxémple of

this method is illustrated in Fig. 4. The upper.graph‘shows an observed
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spectruﬁ"fogizero applied field compared with theiépéctrum obtained

with no éaﬁéle in plaéef The shape of the latter cﬁfve is due to the

v2 rise of_the source intenéity, the fiequency variatiqn of the efficiency'
of the'aielectric film béaﬁ sﬁlitter, and the attenuation of low-pass
filters whiéh are used to eliminate unwanted hiéh frequencies. The

vsample sﬁéctrum shows a weak magnetic resonaﬁce abSorption ét-v §E33 cm_l,
and a stroﬁg broad band atténuation at frequencies_ébéve ~26 cm—l. The
vbroad bénd attenﬁation is due both to the abéorptioﬁ.in large moleculesu
previouély mentipnéd>and fo thévonSet of iarge_écéttering within the
_polycrystailinehsample at wavelépgthé approximateiy,equal to crystaliite
dimensions.I12 Theblowér'graph‘is a piot of the'rafibvof a spectrum fér'
high applied field to the spectrumbfor zZero fieid.ﬂ The ratio shoﬁs cleéfly
the. zero field absorption and the résonance due:to'the Zeeman splitting

of the groﬁnd state, as well as noise on eithef end of the frequency

range which is enhanced by computing the ratio:of small numbers. This
technique works ﬁell whenever the shift,of thé.mégﬁetic fesonance

vspéctrﬁm with field is largevcompared'to the liﬁewidths, but'for spéctra-
such as those described in Fig. 3; the analysis is difficult.

Sevéra} of‘our spectra show effécts due-tq alignment of the sample
‘crystallites in a magnetic field.  The élignménfvis due to the torque
produced by the interaction of the.low temperatu;é'ionic mdment with fhe
applied;field, and is discussed in Appendix D. . This'torque is widely |
used13 tb measure the low temperature magnetic:suéceptibility of
péramagneﬁié ions whose ground term is described-gy Eq. (2)._vThe forqﬁe
acts to align one of the coordinate axes of the'spin Hamiltonian with '

the applied field, and therefore strongly affects the observed magnetic

o
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.resonanee‘efectrum.' In addition, the'chstalliteealign@ent can
significantly increaee>er decrease tﬁe high frequency backgrouhd
attenuaﬁioh:due to scattering if the crystalliﬁes ere>plate—like. We
have:atﬁempted to avoid theee effecte in our measﬁrements by dispersing
’ the cryefailites in transparent glasses, such as mineral oil; and fine
magnesiuﬁ okide powders, or by'éacking samples whieh are too valuable
to dispefee;_ | | |

The_eemples were typically'placed within the_far—infrared light
pipe ineeyiindrical polyethylene containers with-e sheet of thin Mjlaf
covering the teﬁ. The container diameter was ;i.l'cm, and the sample
length;veried from 0.1 to 2.5 cm. 'Mefal cones:were placed above and
;below'tﬁe eample container to fofm a low-Q transmission cavity. Fer
temperatures T < L4.2°K, the eemple ﬁount was imﬁersed in liquid helium.
For highe?etemperatures; the sampie mount was plaeed_in en'evacuated
tube and'heated by means of a heating coil. The-temperature was moni-
tored by.measuring the resistance of a Gals diedeiin thermal contact

with the sample mount.
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IV. EXPERIMENTAL RESULTS f
A. Ferrichrome A
Ferrichrome Alh is a metabolic product of the smut fungus Ustlllago
sphaerogena, its prec1se blologlcal function is’ unknown The crystal
and molecular structure of ferrichrome A tetrahydrate have been recently
obtained“by X-ray crystalldgraphy.15 The molecule containe one Fe(III)
ion invtheaconfiguration'shown_in Fig. 5. Altheuéh'the iron coordina-
tion'ie roughly_octahedral, the local symmeﬁr&}is that of a leftnanded
~propeller, which suggests thaf there should be a large rhombic component
in the ligand field at the iron site. :, |
Electren paramagnetic resonance measurement_s7 at 9 GHz for poly;

crystailine ferrichrome A have been reporﬁed byfwickman, Klein; and
Shirley§.>Theee measnrements shewed a broad.asymnetric resenance at 1550 Oe
for'temneratures between 1.0 and 300°K and addifional smaller strncture
was observed at both higher and loner'fields inetne spectra for tempera-
turesvless than 4.2°K. .TheVSPin:Hamiltonian oftEQ. (2) was used to
analyze ﬁhe»spectra, under the assumption that fhe,Zeeman term was smali
cOmparedito the ligand field terms; and reasonable_agreement was
obtained for S=5/2, D > 0, and A=0.25 #* 0.04, Tﬁe aesignment D > 0 was
baSed upon & fit of the low field effective g—valnes for tne two possible
ground doﬁblets to the additional lon temperatﬁreletructure,'and the
range of A was obtained.from an approximate fit to all of the observed
resonances. The temperature variation of the spectra was used to give

a rough estimate of 3.5 cm -1 for the zero field spllttlng between the

two lowest Kramers' doublets, and the temperature dependence of subsequent
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MBssbauef'effect measuiementsl6'was ﬁsedfto obtein.an improved estimate
of 2.4 - 3.5 em™ ' for this splitting. |

Our far ihfrered spectravfor approximatelyv76 mg of polycfystalline
ferrichrome A, kindly supplled by Dr. M. P. Kleln,-showed no absorptlons
in zero fleld above our experlmental lower frequency limit of 3.0 cm l;
spectra Were obtained at T=1.3 and h.2 °K. In_high:applied field, a
broad eé&mmetric absofption which peaked et a freéﬁency Slightly less
than Vo= 2uBH was observed. Thevavefage of tﬂreeAexperimenfal absorption
.vcoeff1c1ent measurements for H=52.2 kOe and T—h}2?K is plotﬁed iﬁ Fig. 6.
The posltlons of the absorptlon maximum and the shoulders on either side
were qu;te.reproducible. Ne evidence of crystaliite ofientation due to
magnetic terques was.observed; | |

Theeabeence of zero field absorptions aonev3.0 cm_l suggests that
the obserﬁed high field liheshape corresponds ﬁo'the limit H";>‘l. The
bare polyerystaliine sbsorption coefficient in‘thisrlimit was calculated
accordiﬁg‘to the method outlined in Section II;Cvfdr #&rious vaiues of
D and A,:end the results for two sets df §alues a?e.also plotted in Fig. 6.
The theoretical abserption'coefficient at‘T = h,2°K.is largely given by
the-sumvbf the lineshapes for the two transitiene;frdm the ground ana
first excited states. The.small delta-function at V=2uBH on the curve
.for D < Q:is due fo.the trensition from the secpnd‘excited state, and
the contribution.of the remainihé transitions ieunegligible. The major
features of the calculated & are the absorptioniedges and the position '
.of'the mexima; the frequencies at which they'oécuy.can be easily - |

expressed in terms of the spin Hemiltonian parameters, The absorption
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edges occur at frequencies“\)i given'by'

2p(1+3[A])

Vla f guBH +

Vi, = 8HgH - 4D

vy, = glgH + D(1+3[A[)
Vop = ekgh - 2D

where i = 1,2 indicate the transitions from the gfound and first excited

states respectively, and the maxima occur at frequehciés vi given by‘

gHH + 2D(1-3]A])

<
[—J—
1t

<
I

ghpH + D(1-3[A]).

These‘fréquéncies aré indicated in”Fig. 6 for thé_éolid curve. Althéugh
D and A have the same sign,758 the calculated aﬁéofption cqefficienﬁ for
a given field'depends only upén the sign.éndﬂmaéniﬁude of D and the
magnitude_|X|. Therefore, apart from the effectS:of the Boltzmann tefm
Pn(T), the'lineshape for D < 0 may be dbtainea fr§ﬁ the lineshape for

D ? 0 by reflecting through the line AV guBH. Fpr IAI = ;/3, the
absorption coefficiént depends only upon the maggifude rDl, and the

sign of D can be regarded as arbitrary. Thisvresult,is due to the
‘symmetry properties of the spin Hamiltonian.T’S” As [XI approachés 1/3,
the distiﬁétion between‘positive and negative Diﬁécomes smaller, énd |

consequently the sign of D becomes more difficult to obtain from para- 

magnetic resonance spectra.
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Thé:£heoretical absorptionvcoefficient for-gr=:2.00, D = -0.27 cm_l;
and |A| %10{25;‘§hich is plotted in Fig. 6, reppeéents our best fit to
~the obséfvéd lineshape; reasohable agreement ﬁlﬁces'limitsvof i0.0l cm_l
dn D aﬁd:id.02 on IAI. Considerably poorer fi£é-éfe cbtained for
’positiVe.Qalueé of D, since the calculated maxima 1ie at frequencies
_higher than v = 2uH for |A| < 1/3. The best fiith all of the observed
featuresnfor D>0 requifes le = 1/3 and D = +Q,é7 cm-l; howéver, as
indicateé above, ﬁhe same curve wbuldvbevbﬁtéiped for a negative D. The
curve for these values is:élSO plotted in Fig. 6. Both sets of values
dérivéd.from ourvdata yield zero field splittings.ﬁetween adjacént
'Kramers‘{déﬁblets in the range 0.8 to 1.0 cm_l. These values are con-
_siderabiy;smaller than the estimateé previously obtained.

The'analysis of the paramagnetic resonancefspectra of ferrichrome A,
given by Wickman, Kléin;'and Shirley, rests upon the'assumption that
the Zeeman terms of Eq. (2) afé much smaller than_ﬁhe iigand field terms,
which is approximately equivalent to the stateméﬁtvthat the energy of
the.microwave guantum is mﬁch‘iess-than the zéro-fieid splittings; Our
measure@ents indicate that this assumption is ﬁot justified at the
ekperimenfal microwave frequency of 0.3 cm_l. It has recently been
pointe_d_'éut8 that the effective g~factors in finite fields (such that
8opp MpH ~ D» E) may vary considerably from those calculated in the limit
_of infinitésimal fields, and that resonances dueifo transitions between .
states ériginating in adjacent zero field doublets may also be observed..
Under these conditions, the analysis of the_low teﬁperature paramagnetic

resonances for ferrichrome A in the small field approximation is incon-

clusive with respect to the sign of D. Our data are fit more accurately
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by négati&e values of D; as indicated in Fig. 6, Pfeliﬁigary calculations
of thevabaﬁd electron ?aramagnetic resonancé épeéfrﬁm,lTSusing the
methods outlined in Ref..8, ihdicate that the QélﬁeévD = -9,27ﬂcmfl and
IXI = O.éSzobtained from our data can account for3fhe publiéﬁéd
resonanées._ More accuratebvaiues of D and A could,possibly be obtained
by further‘analysis of beand spectra,.or by direcfl& obtaining the
zZero fiéld splittings at K-band. |
| B, Tris (pyrrolidyl dithiocarbamato) Fe(ITI)

A series of interesting tris Fe(III) dithidéarbamates,*Fe(III)
(SszRRf)3 yhere R;Rf are alkyl groups;_have recgptly-been synthesizeq.lg
Although'Xeray crystallographic data are.unavailablé, the molecular

19 to be that

structﬁré of thesé_compounds is presuﬁed on steric grounds
shown in Fig. 7. A comparison of Fig. 5 and Fig,f? illustrates the
similarity‘of the.iron eﬁvironmenf in these comple#es to that in
ferrichrome A. |

Mbsf of these substances show room temperature magnétic moments
which iie between those of the limiting "low spiﬁ" (S=l/2) and "high
spin" (SéS/é) states of the Fe(III) ion. Visible and infrared spectra
"and the temperature and pressure depehdence of the'magnetic susceptibility

19 20

for several compounds have been reported, as well as Mossbauer effect

and nuclear magnetic resonaa.nce2'l studies. Good agreement with the_

qualitati#e effects observed in these measurements has been obtained by

assuming that the octahedral 2T2 and 6Al terms of Fe(III) are separated

by only a.few hundred cm-l in these complexes.  However, quantitative

agreement with the experimental results has been frequently hampered’
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by the lacﬁ'éf.detdiled information on the effects of the ligand field
.at the ifon.sitet' For example, the siﬁilarity of.the‘iron site in the
tris Fe(III)Aaithiocafbamﬁtés;to.that invferrichréﬁé'A suggests that
the ligﬁndvfiéld should have a sfrong rhombic cpﬁpbpént.in thése complexes.
”.Suéh infofm#tion één in,pfinciple bé;obtained byieléétfon paramagnetic
resoﬁancé.téchniques, and a Studj at micfoﬁave fréqﬁenéies is now in
progreés.17 ' .

Oné_bf_fhe'cbmpounds, tris (pyrrolidyl dithiééafbamato) Fé(III),

shows'only_high spin behavior. We have measuredithe'far infrared spectra

of a pdl&crystélline sampie Qf.this substance aﬁ Téh.2°K. ’The'sample
was suppliéd by Dr. A.‘M. Trozzolo. Dafa obtaiﬁedifroﬁ our spectra are
plotted'in Fig. 8. The zero field spectrum shows, é strong ébsorptidn
at 8.h‘§m_lrand a weaker one at 13.2 cm-l. The:firsﬁ absdrption
correspdﬁds to»a transition betweeﬂ'the ground ahdeirst excited Kramers
doublets; and the second corresponds to a transition between the ground
and sgéond excited doublets. As discﬁsséd in Section II—C, the presence
of the secohd absérption at low temperature imp¥iésjthat A ¢‘O. Our
.zero field.data afe fit by the values D ='-2.1&£o;os cm_l and
A = -0.10 i.0.0l. .The sign'of D was established by observing that the
firsf absorption occurs at a frequeﬁcy more than half of the total zero.
field splitting; 13.2 cm-l; if D > 0, the reverée is true., In addition;.
no absorption due to the Zeeman splitting of the_érbund doublet was
observed; which is further evidence for a negative value of D.

~ Our measurements‘indiéate that the ligandvfield in this compound

- does in féct have an appreciable rhombic component; as expeéted. It is
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interesfihg to note that low temperature microweve magnetic resonance
measurem‘_eiqﬁsl7 for frozen soiﬁtionsvof this compodnd'in N,N dimethyl
formamidvihdicate that || ~ 1/3 and that |D| is sodewhaf‘smaller.
Previousvexperiments18 have also shoﬁn differenees:between the rqem
temperature magnetic moments of eolid and dissolvedICOmpdunds of this
series.v' |
c. Fe(III)YPorphyrinS'__’

Meteiloporphyrins22 haﬁe been investigated 5y-a variety'ef.techniques

because of their occurrence as the.ﬁrosthetic éroup of paiemégnetic iens,

in manykbiological molecules. In particular, studies on iron prophyrins

(hemes)23 have been stimulated by interest in related work in hemoproteins.2

The approximate structure of such‘heme compounds and the iocalicoordina-
tion of the iron ion in the porbhyrinvmolecule a?e indicated in Fig. 9.
The iron is coordinated to the fOui pyrrole nitfogens ef the porphyrin,
and two other coordination positione, labeled 5 and:6, are available in
positions appioximately perpendicular to the plaﬁe‘defined by the four
nitrogenietoms. In the compounds we shall disedss,rone of these positions
is ﬁnoceupied, and the other is eccupied by dne bf.a number of ligands.
Under theee conditions, X-ray crystallographic measurements25 have
indicated that the iron lies slightly abqve the nitrogen plane in the
direction of the fifth ligand. Hemes are also idéntified by the presence
of varieus greups attached to the periphery of’the porphyrin skeleton.
Protoheme (iron protoporphyrin), the prosthetic.group of hemoglobins,
myoglobiﬁs, and several other hemoproteins, is ﬁhe best-known.
The far—infrared spectra of several halogeno deutero- and proto—
porphyrid Fe(III) complexee have recently been.reported.26 The sﬁectra
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for these,ccmpounds were successfully analyzed in terms of the spin
_Hamiltohiéﬁ ih'Eq..(Q) for § = 5/2, D > 0, énd XE%IO. The cbserved zero
field'éﬁiiﬁtings for the compoundsvinvestigafed wcre.quite large, |
fangihg frcmcll.l cm-l to>~33 cm-l.. Preliminary:résults for several
- other ccﬁpléxes were also reported.

We;hafc measurea the féf—infrared spectra‘of four polycrystalline
Fe(III) pofphyrins. The scﬁple préparation and chafacterization tech-

27

niQues'Weré similar to metﬁcdé recently descriﬁed‘eléewhcre. These
measuremcnté have yielded more accufate values.ofithe ligand field
barameterc for two ccmpounds‘includedbin the pfcﬁicus work, iodo- and
azido dcuteroporphyrin IX diﬁéthyl ester Fe(III),> Invaddition, we havc
also obtaihed data for two additional coﬁpounds, fluoro- and azido
protoporpﬁyrin IX dimethyl ester Fe(III).‘ The 1ast_two substances are
of particular interest because of the existence.of_the corresponding
myoglobiﬁ and hemoglobin coﬁplexes. -

Thé séectra for all of the ccmpounds invcstigatéd showed absorptions
characteristic of high spin-Fe(III) andvpositivc values of D. A typical.
trangmigsion spectrum has been_previcusly shown;in'Fig. 4. The
frequenciés of the experimentgl absorpticn'péa#stat T = 4.29K are plofted
as a fuhcticn of field for flﬁoro protoporphyric'ix dimethyl ester Fe(III)
in Fig, 16; The observation of absorptions corresﬁonding to the Zeeman :
splitting'bf the ground dcublet establishes thc‘éign of D as positive.
The fréqucncy of.the zero—field absorpticn cOrfespcnds to the zero-fieldv
splitting'Al between the ground and first excited Kpamers doublets. If
A= O,_és we would eipect-for this complex,28.A_-= 2D; The calculated

1

frequencies of strong transitions for the spin Hamiltonian in Eq. (2)
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for D = +5.0 cm_l, A=0,Ts= h.2°K and H1 ﬁ'are also plotted in Fig.

- 10 for coﬁparison._ The values of the zero fleld spllttlngs and’ derlved
values . of D obtained from our data for the two halogeno complexes
investlgeted and previously reported values for;related complexes are
listed in.Table I. |

The a21de complex of ferrlhemcglobln has a statlc magnetic susceptl—

biiity29 characterlstlc of the low spin S = 1/2 state of Fe(III).

30
Electron paramagnetlc resonance measurements show a strongly asymmetric
g-tensor which has been successfully analyzed3 3_ in terms of a rhombic

ligand field. Similar results have been obtained for the azide complex
of ferrimyoglobin. The origin of the rhombic field‘ih these complexes

is in dispute. It has been ascribed te the attaehment of the distal
histidihe3o_(which'is coordihated to the iron in.the fifth position in
these compounds), to the displacement of the iroh atom dut of\the>nitro—.
gen pla.ne,32 and to a non—arial attachment of the azide ion.31 An

X-ray crystallographlc study of ferrlmyoglobln amde,?’-3

which showed
that the azide ion is 1ncllned at 2l° to the porphyrln plane, has glven.
support to the latter explanation.

Our measurements for the corresponding heme‘cempound, azido
protoporphyrin IX dimethyl ester Fe(III) and the similar deuteroheme

complex show spectra characteristic of high spin Fe(III). However, an

orientation of the azide ligand in these substeheesfsimilar to that

observed in ferrimyoglobin should produce a substantial rhombic component

in the ligand field. 1In order to determine the value of A for these
complexes, zero-field spectra were obtained at T = 4.2 and 50°K. At the

higher temperature, an additional absorption was observed in the spectra
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aﬁ_a frequenpy corresponding to.the seéond zero-field splitting Aé
‘between”thé’firét and second excited Kramers doubieﬁs.' As discussed
iﬁ‘Sectiog-IiaC, the values of A, and A, obtaingd-in_this fashion can

be used.tq.bbtain values for D and A. ' The obSerVédfgplittings and the
'deriVedlvaiués of:D and A for the two compounds aﬁé;also listed in

- Table I. ;_Béth complexes show non-zero valﬁes éf A; indicating that thé'
ligand,fiéld does in factyhaVQ a rhombic componehf;. The value of A for
the prdtoheﬁe complex is particularly large compéféq to the limiting
value A = 1/3 for a com?letelyvrhombic field. (Aff&pical value of X_fér
an axialbcomplex, oﬁtaihed‘from high—temperaturéxdété for chloro proto-

26

porphyrin IX Fe(III),” is A = 0.01 # 0.01.) Although the iron atom in

.theée cbmpounds may be displaced.out of the nitfogén plane, an axial
displacement cannot account for a rhombic componeﬁt to the ligand field.5
The most:likely source of such a field is an inclipation of the azide
ion to the'éorﬁhyrin plane suchvas that observed in ferrimyoglobin azide.
If this is'thé case, our measurements on_these.comﬁlexes indicate that
" the oriéntation of the azide ligand can significantly ;ontribute fo the
rhombic character of the 1igand'field in ferrimyoglobin and ferrihemo-
globin.
D. Mn(III) Porphyrins

Studies of manganese porphyrins, like those of iron porphyrins,
have béenvstimulated by interest in their prOpefties in relation to
' biologiéal systems. For example, several studies have investigated the
possible rqie of thesevcompounds in the oxidatibn—reduction systems of

34,35

photosynthesis. In addition, synthetic enzymes made by replacing
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heme prosﬁheticugfoups with Mn porphyrins haVe been'shOWn'to have partial
acti#it&;36. Elemeﬁtal analysis and magnetic'suscéptibility measurements
on m;anga._ne,se.hematoporphyrins3h have Shdwn that-the';téble oxidétion
ététe of:the mangénese in these complexes is Mn(III), with a spin S=2.
However, no‘electron paiamagnefic.resonances thaﬁ‘can bé difectiy'
attributed to Mn(III) have been observed.

’Wé‘ﬁéée measured the far infrared spectra gf fdur polycrystalline
Mn(III)_deuteropofﬁhyrins} The spectré for threetofvthe compounds inves-
tigated-show'magnetic resonaﬁcé absofptions which'afé consistent with
the prediﬁtions of the spin Hamiltonian in Egq. (2)'fof S=2, D < 0, and

A == 0. -Data for a samplé of azido deuteroporphyrin IX dimethyl ester

Mn(III) at T=L.2°K are shown in Fig. 11. The zero-field spectrum for this

complex showed only one absorption,_indicating_that X ~ 0. For small A,

the zero-field spectrum should show two absorptibﬁSJSeparated by 6E, as

ihdicated in Fig. 1. The width of'the observedizéro—field lineshape was

used to_obtaiﬁ the uppér limifvE <0.1 em™F. Since transitions corres-
ponding ﬁovfhe Zeeman splitting of'thé.pair of.zé£§ffield states with
msssi'z'ére forbidden to firét order, the'abSenCe:of such absbrptions.
in the obéérved spectra does not imply that D is'poSitive. In order to'

establish the sign of D;'We have obtained spectra for this complex in

zero field at temperatures up to L0°K. No additidnél absorptions appeared

above 3.5 cm—l, which shows that D is negative and that therefore the

observed zero-field splitting iS‘Al = 3|D|. These observations yield

D = -3.68 + 0.10 cm_l and A < 0.04. The calculated transition frequencies

1

for Eq. (2) with D= -3.08 cm ~, A = 0, and Hl % -are also plotted in
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Fig. 11 fdr.comparisdn.- Simiiar obsérvations weré used to derive values
of D and A for chloré deuteropérphyrin IX dimethyl e§tef Mh(IIi)._l
Howéver, novabsorption in zgrqrfield wasvobéervéd fér_the third complex,
brqmo deutéroporphyriniIX dimefhyl ester‘Mﬁ(III),fVThe spedtra in an
épfiied field showed substantial changes_in the'fa;kgfound attenuation
af high ffeéuenciés due to crystallite brientatign; In additioh, é
bfoad_ﬁégnétic resonanbe absdrptibn with a'peak'at v = EuBH + 3.4 cm_l
was observed at high field. These observations afe only consistent with'
a small neégtive value éfnb, and analysis of‘theiobserved high field
lineShaPe,ié the manner described for ferrichroﬁe'Avyields fhe value
D= —1;l_i'0.l cm_l. The derived values of the spin Hamiltonian
parametérs‘fdr these threebcomplexes arévlisted iﬂ Table IT. The fourth
compound gfudied, iodo deﬁtéroporphyrin IX dimethylbester Mn(III),
éhowed’specfra similar to those observed for the‘brémo dérivative,
indicatihg a small absolute value of D. However;.fhevextremely broad
absorpfiqns'observed prevented an accurate measureﬁent’of either the
sign or magnitude of D for this cqmplex. o

Our measurements have'thefefore shown magnetic resonance absorption
which is définitely due to high-spin (S=2)‘Mn(III). ‘The observed large
values'of D, coupled with the small transition probabilities for transitions
betWeen.Zeéﬁan—split "doublets" for S=2, may account for the lack of
microwave paramagnetic resonence signals for_fhese complexes. In addifion,
we can'mgke some interesting comparisons of.the'spin Hamiltonian
parameters‘obtained for corrésponding Mn(iII) éna'Fe(III) porphyrins. .

For example, the values of D obtained for halogeno proto- and deuteroheme
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complexes increase in the order F < Cl < Br < I, as indicated in TableVI;
The relation of this effect to various chemical series (nephelauxetic,v

electronegativity, and metal-halide bond strength) and to T-bonding in

37

the porPhyrin system has been recently discussed. The algebraic.
values of' D obtained for halogeno manganese porpﬁyrins also show this
behavior. It is interesting to note that the small negative value ofFD
for the brdmo derivative implies that b-for the iédo gomplex may be
positiVe. In addition, the algebraic value of D fof‘the azido'derivatives
of voth Fé(III) and Mﬁ(III) deuteroporphyrins,isvléss thanvthat for the
chloro deriVatives. AFinally, the limits of A for azido deuteropo?phyrin
IX dimethyi'ester Ma(III) include the measured value for the éofrespondiﬁg
deuteroﬁemg.compound, indicating that the effects'of the azidenligaﬁdf
are similar in the two complexes.

E. Ferrihemoglobin and Ferrimyoglobin -

Hémoglébins and mvog;obins are fépnd in ail Vertebrates{ hgmdglobin
in the:rgd bléod‘cells'éndvmybglobin in the tissues. A large number of
chemicél?ABioloéiéal, ahd physiéal techniques have been applied to the
studyvof.these compounds because of their centfal importance to the
procesé of respiration. B

Bothvhemoglobin and myoglobin contain iron atoms cpordinatéd to a
protoporphyrin prosthefic group and to a hitrogen’étom-Of a histidine
residue'of the globin. Hemoglobin contains four.éﬁch iron atoms?-and
myoglobiﬁ contains one. In the respirétory process, the iron atom is
in the Fe(II) state, and the sixth coordination position is available
for the reversible bonding of moleculai oxygeﬁ. :Studies ?f hemoglobin

and myoglobin where the iron is in this state are therefore of
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"greater Vélue to the'undérstanding of the biOlogicél.function‘of these
compounds,  However, a large amount of useful infofmation has -been
obtained;frdm measurements on complexes cbntaining'Fe(IIi). ‘Perhaps

the most striking examples of such measurements are the determination
' 39

3

of the qfiéhtatibh of the hemg planes in hemoglobih38 and myoglobin
by electron paramagnetic resonance measureﬁents 6n Fé(III);.in'thé high
spin (s=5/2) state. 1In particilar, such paramagnefié reéonance measure-
ments havelbeen restricted to complexes.cahtaiﬁi;g_Fe(III)'sihce the low
~spin (5;0)-Fe(II) dérivatives have no paramagnefiém.and since no electron
‘paramagﬁéfic resonance has béen observed for high'épin (s=2) Fe(1I)
compound;;?‘ | E

| Hemogiobin and myoglobin derivatives in whicﬂ‘the'sixth'coordination
rposition_is_occupied ﬁy é water molecule (we shall refer to thesé as
met—hemoélébin and met—mydglqbin) or & fluoridévioﬁ have been shown to
_contain Fe(III) in thevhigh spin state. 'Statiéfﬁagnetic susceptibility
measuréménts for thesé compiexesho have found fdomrtemperature_magnetic
moments élightly less than the value of 5.92 Bohr?magnetons expected for
S=5/2. Microwave electron péramagnetic'measuremeﬁfshl for’these complexes
have fouhd'g" = 2.0 and an isotropic g = 6.0, which is characteristic

of the'Zeeﬁan splitting of the ground doublet erQﬁhe spin Hamiltonian

in Eq. (2) for S=5/2, D > 0, and a magnitude of ﬁ much larger than the
microwave quéntum. A number of inairect methods héve‘been used to obtaiﬁ
values of D for thesé»compounds: Ifcr example, microwave paramagnetic
resonarice,h2 temperature_dependence of the magﬁetic susceptibil:i_ty,b'3 |
torqueimagnetometér measurements of magnetic ahiéotropy,l3 and MBssbauer

resonance.hh As the results discussed for heme compounds indicate, far-
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infrared.speCtroscopy can, in principle, direcfly measure the zero-field
splittingvéqd thus.the value of D for such éompé#nds(

We have measured’the far;infrared speétra bfvboviné hemoglopin and .
spern whaie.myoglobin with both watertand fluoridélligahds. The spectra
for eacﬁ compoﬁnd show absorptions_correéponding fblthe Zeeman splitting
of the gfbuﬁd doublet in applied fieldé up to 52;2'k0e, and to the
zeroffiéld_Splitting fqr the fluoro derivatives.r.The polycrystalline
samplé.offmet—myoglobin was supplied by Dr.'G.bFeher. The remaining
samples were pastes made by mixing approximately 1 gm. of lyophilized
materiali(obtéinéd from Mann Research Laboratdries]and'Sigma‘Chemical
Company)pinto 1 ml of distilled water buffered.f6 §H 7.0 with.a drop of
1M mixed phosphate buffer. The fluoro'derivafivesiwere obtained by
using én:éQueous solution containing appmokimatel§ four holar equivalents
of fluofide{ 'The compésition of the paste sémples(ﬁ&é verified by
measurihg the optiéal spectra ofisuiﬁably dilutea‘aliquots.

Data obtained from the faréinfraréd spéétfa‘of'the two fluorb
¢dmplexes'at h;2°K are shown in Fig. 12.- Sincé'kgy_o.for these complexes,
the observed absorption in zero fiéld‘correspoﬁdsvtb Al = 2D, Curves .
for the transitions calculated from Eg. (2), using vaiues of D derived.
'from-the-zero field:splitting, are also ﬁlotted for A =0 and g 1 2.

The freQuenéy region in whiéh accurate data qan‘be obtained from the far

infrared spectra for these compoundé is indicated by the plotted range.'-;

For comparison, the typical transmission range for a heme compound sample
 with approkimateiy.the same number of Fe(III) ions is indicated in Fig. L.
In addition, the high-frequency attenuation in hemdglobin and myoglobin

increases very rapidly with frequency. For example, a reduction of the

»
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sample paﬁh.length by.a factor of two.only‘increases'the available
frequency répge.by <1 cm—l, |

Absqiption corresbonding tovthe Zeeman'éplitting of the grouna
doublét,wésvébserved.in the spectra for met—ﬁembélobin‘énd'metmeoglobin.
However, ﬁo_absorptions'were observed in zero field below the maximum
'freQuenc&{limit for thésé compounds of.~l6 cm-l. 'This observation
Aimplies bHZ,S cm_l for these éomélekeé.' A more écéﬁrate estimate of
D for met—myoglobin can.be obfained from our daﬁé‘fbr the Zeeman splitting
of the ground doublet, shown in Fig. 13. The poinfé ﬁlotted are the
average Valﬁes of‘the measured frequencies of.peak absorption‘obtained
: fromveight éXperimental runs at 4.29K. The cufﬁes are the transition
frequehéies_calculated from Eq. (2) with X = b, H 112, and the indicated
values éf D. A comparison 6f this figure with‘tﬁevdata obtained for the
fluoro défivaﬁive in‘Fig; 12 indicates that Dvezé émf;, and a conservative

L5

estimaté ﬁlaces D in ﬁhe range D=9.5 i’l.5 cm_%. Preliminary
observatibﬁs for met—hemoglobin indiéate that D i§ slightly larger
(~10.5 c'x_ﬁ'l) in this compound. | | |
Thefvglues of D derived from the far—infréréd data are listed in
Table Iii; We have also included several valueé of D obtained from
indiréctvﬁéasurements, and havé reproduced the'Value for fluoro proto-
porphyrin IX dimethyl ester Fé(III); fof comparison. It is interesting
“to note tﬂat the value of D for the fluoro derivatives of myoglobin,
hemoélobiﬁ, and'protoheme are very similar, indicating that the influence
of thefprotein onvthe ligand field at the irqn sife is rglatively small.-
In additioh, no evidence for inequivélent sites Que to the twb diffefént

protein>chains in hemoglobin was found in the far-infrared spectra for
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’the'fluere derivative. If two inequivalent sites'are assumed, the
observed zero-field llneshape places an upper llmlt of ~0. h cm -1 on
the dlfference of the value of D between the two 51tes.
F. Bis Fe(III) Dlthiocarbamates
Further studies of the tris Fe(III) dithioearbamates, discussed in
Section IV—B have resulted in the synthesis of a series of novel
bis Fe(III)_dlthlocarbamate compounds, the bis‘(N N dialkyl dithiocarba-

mato) Fe(IIi) halides; (RZNCS FeX where R is an alkyl group and X

2)2
is a halOgeno ligand. X-ray crystallographic measurementsh6'on one of

the complexes in this series have obtained the molecular structure

shown in Fig. 14, The iron atom in these compdundssis pentacoordinate,

and lies;approximately at the centroid of a rectangular pyramid- formed
by the four sulfur atoms of the two dithiocarbamate ligands and the
halide atom. The local'symmetry of the iron site is thus nearly-square

pyramldal but the total symmetry is much lower: (CEV)'

46,47

Measurements of the static magnetic susceptibility, electron

paramagnetic resonance,h8 and Mossbauer resonance¥9 have shown that the
Fe(III)'ground_multiblet is described by the spiﬁ.Hamiltonian in Eq. (2).

with the unusual "intermediate spin" value 8=3/2, »=0, and large values

of D. Although the energy of the thg octahedral state nevef lies

lowest;so fhe low 02v symmetry of the iron site in'these complexes

completely removes the degeneracy of the dl levels. A simple argument,

given in Appendix E, shows that under these conditions it is possible te
stabilize a hA2 ground state derived from the (tééheg) thg octahedral

state.

In order to inVestigate the validity of the spin Hamiltonian
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parameters, we have measured the far-infrared spectra of seven poly-
‘crystalline compoﬁﬁds in this series. A brief account of this work

51

has been febently published elseﬁhere. Data obtained from the far-

3fi7)

Fig. lS.IlAs'discussed in Section ITI-C, the zero field spectrum for

infrared spectra of ((i-C 2NCSQ) Fe(III) Cl at L.2°K are shown in

S=3/2 shows only one absorption, and is therefore;nbt sufficient to
determine D and \. However, electron paramagnetic resonanCe'méasurements

ol have obtained the value A=0.036$0.003. Using this

2]1/2

on this compound

value, the measured zero-field splitting A = |D|[1+3A gives [D|=
2.35 % .Q3icm—l. A compéfison of the polycrystallihe absorption
coefficieﬁf; calculated using the program diécusséd in Section II-C,
with thevbﬁéerved spectra showed that D < 0. The frequencies of the
calculated absorption maxima for D = -2.35 cm_l, X = 0.036, and T=4,2°K
are alsq‘plotted in Fig. 15. The‘calculated polycrystalline absorption
coeffiCiehts for these parameters have been shown in Fig. 3. The fit
between the observed absorptiops and the calculétedlmaximé is excellent.
The zero field splittings and derived values of the spin Hamiltonian
parametérs obtained in this manner from the faréinfrared'spectra for
the compounds investigated are listed in Table-IV. ﬂSince the poly-
crystalliné-spectra are relatively.insensitive to,falues'of A < 0.1, we
have only listed the values of A obtaiﬁed for twoncompoundg. The listed
values of D for -the rémaining compounds were obtalhed from the zero
field»spliﬁtingg assuming A = 0. In addition, the calculated poly-
crystalline absorption coefficient is relatively insensitive to small

. changes.in the spin Hamiltonian, such as the aséumption of a slightly
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anithrépic g~factor.

C,H 5)2NCS ) Ee(III) Br, can

One of the compounds investigated, ((
be obtainea in relatively.large crystals (0.5 x 3-X‘3 mm). The far-
}infrafed spectra of a poiycfystélline sample of.thié compound at L4.2°K
showed_sharp absorptions that were approximately consisteﬁt with the
predictions of the spin Hamiltonian in Eq. (2)'fdr D > 0 and 9 near
n/2, 1nd1cat1ng a substantlal alignment of the crystallltes by the

low—temperature magnetic torque discussed in Section III. (A calculatlon

of the torqué (given in Appendix D) for this compound at T = L, 2°K and

= 52, 2 kOe yields a maximum terque per unit volume of 8. 65 X 10 dyne/cm2

which tends to rotate the crystallltes toward g-l z.)v In order to obtaln
a more accurate.comparison of the prediétions of thé spin Hamiltonian_-
with the.observed spectra, an ordered sample of thls complex was
constructed with the crystallltes approx1mately orlented with H 1 £.>
~ The data obtained from the far- 1nfrared spectra of thls sample is plotted
in Flg. 16. A "best fit" to the Qbserved spectrajwas_calculated from
(2)‘b&:varying-6H and using values ole andgk éhosen to fit the .
zero—fieid splitting and the Zeeman splifting 6f ﬁhe groun& doublet
(gl ~ h);. The calculated transition‘frequencies=for the values obtained,
SH ~ 31/8, D = + 7.50 cm-l, and A = 0. 067, are also plotted in Fig. 16.
Thé valué of 0 obtained was consistent with both the construction of
the sample énd the effects of the magnetic torque, Although the fit to
the observed absorptions is quite good, the deViation of the high-
frequency'experimental absdrption maxima from tﬁe:calculated curves is

more than the experimental error (0.l‘cm—l). This small discrepancy

cannot be explained by imperfect alignment of the crystallites. It is
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moré likéiy due to the'éssumption of an isotroPic.g-factor made in Eq.
(2)‘ o
' Aﬁgther compound'in this series, ((02H5)2'NC82)2 Fg(III) Cl, has

béen‘éhoﬁﬁhg to be a ferromagnet with a low tranSition temperéture

T, = 2:53°K; MBsSbauer resoﬁance data fof this'complex in fhe paramag-
vnetic éfatéﬁhave indicated that D < 0. _Our zerO—fiéld speétra for this
.cémppund at 4.2%% Showed_énly a vefy wéak? broad‘aﬁsorption in the

range é.S fov5 cm—l, in cohtfast to the shérp (héif width ~0.4 cm—l)
absorptioné observed for other complekeé in this:séries,' The large width
of the zero-field resonance is proﬁably due to.fhé effecfs éf exchange
broadepingg since the Heisenberg exéhange coupliﬁg parameter'J is of the
same ordér as'D (see Appendiva). For T = 1.36K, the spectra showed a
sharp ferromagnetic resonance aBsorption at 3.85 émfl in zero field.

The zero—field resonance frequency is related tgﬁfbé anisotropy of ﬁhe
‘iron eﬁvifonment which is reflected in the étrdﬁg axial ligand field. A
simple classical calculation, suggested by Dr.'A; M; Portis,52 can be
ﬁsed to:dérive the relationship between the zero fiéld resonance
frequehéy at T = 0, Vo’ and D.. This célculatibn;vgiven in Appendix G,
obtains the effective anisotropy field EA at T=Q due to the axial term
in the SPih Hamiltonian by expanding it in é power series in the polar
anglé. The result, for D < 0, is vo'= 2|DIS. This expression; which is
exact in the limit of large spin, must be corréctéd by the fact§f53
n = (lei/(2S)). 'Thus,vfpr spin S = 3/2, v, = 2|D|. 1In this case, the
zero—-fi_eld:‘ ;esonance should broaden, and the absorption_maximum may

shift, as T approaches T (see the discussion in Appendix G). Our

measurements, obtained for temperatures between‘l;3 and 2.3°K, showed
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a progressive broadening and a decrease of only ~ 0.05 cmfl. We have
therefore tdken 2|D| = 3.85 cm_l.. Data obtained;frdm the spectra for
a polycrjstgiline sample ofvthisvcompoﬁnd at T = 1.3°K are shown in‘
Fig. 17. The Observed absorption'maiima lie cldée £o the line
AV QUBH +'é.85 cm_l, which_correSponds to an orientation of § I 2
(or.g i EA)' These observgtions.are consistent with the simple #heory
of ferrémagnetic resonancesh and with the effectsvof the expected large
mégnetig ﬁqrqueu | |

The fegromégnetic éoupiing ih'this complex pfesumaﬁly_arises from a
super-exchange ihteraction via the sulfur atoms éf neiéhboring molecules,
Whicﬁ lie at normal Van der Waals dis‘ca,nceé.)45 Thié observation is
interesting.in the light of recent measurements on the irén—sulfur
proteinvSpinach ferridoxinss which indicate that the twoviron atoms in-
this compound are antiferromagnetically coupled‘ét‘low témperaturés.

The siﬁilérity of the chemical and ﬁacroscopigrproperties of the
bis dithiécarbamateéiindicates that they form an‘iébstructural series
obtainéd b&‘substifution of either the halide ligaﬁd or the alkyl groups.

As an example of the effects of such a substitution, we have listed in

Table IV the change in the zero field splitting'on substitution of a

chloro ligand for a bromo ligand for a fixed alkyl group. This quantity,

ABr—ACl, is nearly independent of the dithiocafbamate ligand for the

first two paifs of complexes, which implies that the effect of alkyl
group substitution upon A is either small or independént of the halide

ligand. However, ABr—A for the pyrrolidynyl derivatives is very

Cl

different, indicating a Substantially different bonding in these complexes.v

This effect may be due to a greater degree of T-bonding for the
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pyrroliéynyi'defivative§ because of thé'existenCé}Of a pseudo—rihg

stfuctuﬁé:iﬁbluding;the niffogen atom. A siﬁila?féffect may explain the

temperafﬁre—indépendént high spin magneticxmomenf of tris (pyrrolidyl

dithioéérba@éto) Fe(III), diécussed in Section iV—B; compared with'the

.temperatﬁféfdépendentvmagnetic moments of the oéhéf.trié dithiocarbamates.
All,éf thevcompounas investigated also shbWed éﬁ inérease in the

algebréié #aluevof D upon substitution of brdmo ?Q£:chloro iigands for

a fixed dithiocarbamste ligand. As discussed in Section IV-D, similar

effects are observed in the Fe(Iii) and Mn(III) ﬁorphyrins. Furthermore,

we maylédmﬁare the values of D obtained for the.bis‘Fé(III) dithiocarbamates

with the quedrupole spliting AEQ, obtained from Mossbauer effect

meaéuréménts, which is also listed in Table IV;* Since AEQ and D bothv
depend{upéﬁ the strength and aéymmetry of the liéand field, we might
expect'a_Correlation between thém. This compariéonfhas been made for
" the Fe(IiI) porphyrins,37 where an approximately linear variatién of
AEQ with D, passing throﬁgh the origin, 'is obséfvgd, Our data clearly
eliminatésvsuch a corrélation for the bis dithioéarbamatés, but does not
discriminéfe against other pbssible'zero—intercept>functions. For
example, thé data can be fit to a.saturating fﬁncﬁibn of D with either
even of;odd‘parity. M5ésbauer ‘resonance and‘far—infrared méasurements
on the‘flu§ride and iodide complexes would helpvto clériﬂy this point;, 
| | G. Additional Spectral Features |

A number ofvthé compduﬁds investigated in.this study showed

additional sharp structure which was not magnetié,field—dependent.v These

absorpﬁions were typically at higher frequencies thah the observed

paramagnetic resonances, and were stronger by factors ranging from
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apbroximately two to ten. In.genéral;'more sﬁarp linés'were observed
in the épéétra_of compounds Qith relatively smaii.mdlecular weight, such
as the bis Fe(III) ditﬁiocarbamates; thén'in thév3§éétra for the large
biolégical molecules. However, all of the compouhds’shoWed the broad
high-ffequency attenuation diécussed in Section III.

In most cases, the samples ﬁsed fofbthe magﬁetic resonance measure-
ments did not transmit sufficient far—infrared‘radiationAto observe such
absorptiéns-at frequencies above approximately 30 cm_l. In order to

2)
the far-infrared spectrum of a thin polycrystalline sample at T = L.2°K.

investigate these absorptions in ((CgHS)eNCS Fe(III) Br, we measured

2
The spectrum obtained in zero applied field iévéhpﬁn in Fig. 18.
Although the linewidths and strengthslof the obsérved absorptions are

typical,'the number of observed lines is not. For ekample, similar

measurements on another bis Fe(III) dithiocarbamate, ((i-C3H7)2NCSE)2Fe(III) c1,

showed only- one éubh'absorption in the same freqﬁency interval. The
frequencies of the absorption maxime for severgvaOmeunds, obtained from
the far-ihfrared spectra at 4.2°K, are listed in7Téble V. it'is
interesting to note that a sharp absorption (widﬁh ~ 0.75 cm_l) was
observed at 8.9-cm_l in thé spectra for the fiuoro derivative of ferfi-
myoglobin. The strength of this absorption was approximately twice

that of thé zeroffield magnetic resonance. In addition, we have included
data from preliminary measurements on phenoxo deutéfopofphyrin IX
dimethyl:ester Mn(III). High-temperéture SPecfra fof this coﬁpdund show .
an incfeasé-in the strength of the field-independenf absorptions for

temperatures up to TT°K.




o

UCRL-19651

Altﬂbuéh We’hafevnot investigafed‘thé'Soﬁrcé.;f the additional
étructuﬁe“in_tﬁe:farfinfrared épectra of-these ééﬁpbunds, our observations -
suggestvthét they are dﬁe to transitions between eg§ited molecular_
vibratién éfates. The linewidthé are much too‘sméil'for absorptions due -
to latﬁiée Vibrations. The temperature dependen§e 6f the structure in
the mangaﬁéée deuteroporphyrin combound indicatés:fhat the transitions

‘observed:arg between excited states. In addiﬁiQﬁ, the structure depends
strongiy°ﬁpon changeé in ligands within a series of similar compounds.
Finally;ﬁthé observed strengths‘indicate that #hef@ﬁsorptions are due

to electri¢ quadrupole transitions, rather thanJe1¢ctric dipole transitions.
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V. CONCLUSIONS
Oﬁr meésurements have shown thaf far—infrarédkspectroscopic techniques
offer.a diréct method fof_the invéstigétion of the effects of large axialv '
and rhomﬁiétligand fields upon paramégnetic ionS'in molecules;' The _ ) -
-polycrystalline magnetic resonance Absorptidns pre?ved are consistent
with th¢>pfédictions of a wide variety of cases:§f thé\simp1é spiﬁ
Hamiltoniap of Eq. (2). We have directiy obtained;§aluesvof the axial

ligand'fieid parameter D from the spectra for twenty-one compounds, and

have mgasured A = E/D for several substances with a large rhombié'ligand

field. In addition, our investigation has shown‘that such detailed
information can also be obtained for paramagnetic ions in intact

" biological molecules.
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APPENDICES

s

' A;' Polycrystalllne Magnetlc Dlpole Absorptlon

In this appendlx, we shall derive the form of the polycrystalllne
absorption coeff1c1ent o for magnetlc dipole traneltlons between states
of.an erbitelly non—degenerate term described bytthe'spin Hamiltonian of
Eq. (2); The derivation’of d'in'the first.section;parallels a deriva-

tion of the electric dipole absorption‘coefficient given by J. S. Griffith

in The Theory of Transition Metal ions (Cambridge University Press,

London, 1961), chapter 3.

1. Derination of the Expression for o
The transition probability per unit time ﬁif’between two states
wi and wf-aue to a perturbation Hamiltonian M§ is given by Fermi's

Golden Rule

_eom 2
fip = T o) LY (A1)
where.p(Ef) is the density of final states in energy, and M, . is a
matrix'element given by
= x y, ;
<wfl p[wi , | (A2)

In the case of the 1nteract10n of an electromagnetic wave Wlth an atom
or ion with N electrons of momentum Pj’ the clas31cal perturbatlon

Hemiltonian mey be written
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= 5512 (ag Ayg7By + % 53‘55_13_3) (a3)

: where ﬁexhéVé"quantized"the electromggnetic fiéldjipto modes withkvector
potential éjévat the positi§n of‘the j-th eleétfon., The. ¥ iﬁdicafes the-
complex cdnjugate; The total vectOr_potential é of the radiation field
is glven by

8= Ity

| 8 |
where AB and qB are respectively functions of space and time only:
| | 2\1/2 . - .
_ [ bwcf R ‘
Ag = < 7 ) _ﬁB exp(ikg 1;) s (k)
and '
qg = lagl exp(-iwgt) . (as)

where V is the volume of space'oﬁer which the (pefiddic) boundary
condifiqﬁs are applied, ﬁB is the direction‘of boiarization of the
radiatiQn-mode B, wB‘is ifé angular frequency, aﬁd EB its wave vector.
The quantum—mechanicél perturbatiqq:Hamiltonian is obtaihed by
replacing the functioné:qs; q*é by the corféspéﬁﬁing operators qB and

Eé; where the radiation_field alone for one mddéfis described by

'ﬂb = 2w8q8q8 S R - (46)

and
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[3gs ag] = - o (a7)

v The operators q, and q now correspond to photon annihilation and
B 8 , _

creatlon operators, respectlvely we write
> = >, < = <n..|<a |~
Ilpi = 'nis? I ai. 7. wfl : nfBI af‘l g

where |nB>'is an eigenstate of the radiatioh'field  vith n photons of

" mode B and'[a> is an atomic state. The matrix eigment Eq. (A2) becomes

N S L
_e ; . - _
L m—— < < . e . > >,
Mif = e 321 g agl<nggllag 23870 g L e l:j')lniB |, (48)
Fof tHe sbsorption of one photon of mode S, fB B -1, and since
{n, -1lq Y =
ng lqu'nB 0
and

o hsh /2 : B
(ng -1]ag|ng? =(55’E)1 e

the matrix’elemeht Eq. (A8) becomes, for a single.mode,

B.'-‘ hﬂcnﬂhl/2N . 5 R
Mie = e\ EV 'le(alpj'“se’“p(l’f gz glley?e

Since the max1mum value of k B 3 is



o o ST I

UCRL—19651
. wyr, -1,
|EB.EJImax - —%—J- = ?ﬂVB(cm -)rj

2m x 10 x 10"~ = 10°
5 _

we may expand the exponenfial in Mif:

exp(ikB°r_)'5 1+i(kyer )
. ~B ~ -850
The first term leads to the well-known €lectric dipole absorption, which

we shall not consider. The secbnd term leads to_a_matrix element of the

operatér (kB°rj)(Pj°ﬁB) which may be éxpanded

(5{3'{;‘])(23'" ) = 5 BXﬁB 2
+ electrlc quadrupole term
where ﬁj‘ié the angular momentum of the j-th electron. The inclusion’
of the electronlc spin sj leads to a similar term in kBXﬁB j’ ‘and the
matrix element Eq. jAQ) with thls-addltlon becomes: for a magnetlc dlpole

transition,

s i|o fircng\1/2 , : -
Mif_= 2 ) me A <af'58X“B'§(&jf2§J)la¥% - (a10)

For an orbitally non-degenerate ground term,

<LL.> =0, <Ig, = 5>
o7 39~

where S is the total spin, and Eq. (Al0) reduces to

2
Yme“n 1/2 v
B _ .le_ Bh -

T (- 2wV | <af158*ﬁ8_§|ai>

If we define o

kg 25 Ks S

where KB is a unit vector in the direction of propagatibn of the fadiation,

1H

we can finally write

2ﬂe n hw:

B |2 BB el 12 \ N
s el™ = —5 2 [<e 'ﬁsx“e S a°>l (a11)
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This is:a-reasonable form, gince Kk xT, is in thg.&ireciion'of_the

‘magnetié'&ectér of the perturbiné radiétion. At_th;s bbint, wevshall

drop the;ﬁbdexindex B, and continue ﬁﬁe calculétién under the assumption

that bnly‘phofon absorption prscésses-from pafti§ular modes are included.-
Thé:absorption_coefficiénﬁ»is defined asvéﬁé £é§er-absorbéd per

unit léhgth from a radiation beam'of unit intehs?py passing through a

stbst;ﬁéé; In order to calculate this quantiﬁ&, §e assume the bdundary

conditions indicated in the following figure:

P

L’,Arvea. D

lm

A sheet.bf infinitesimal thickness A containing Nb abs§rbing atoms per
unit¥V§ltme‘is positioned normal to the probagéﬁion vector of the
radiaﬁién fiéld, in periodic boundafy conditibné:defined by the box
shown of length L and cross;seétionallarea D. :We wish to calculate the
power_?i absorﬁed in the thin sheet; the absoféﬁibn coefficient o is

then defined by
: P

.4 L
= = » . . 2
| a P I o (Al. )
Where196 is the incident power. We assume that

2\ 1/2 = |
A= E%%— ] i (q_exp(i§‘§)+c~c-)' (A13)
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and that A is so small that the absorbing atomsﬂarefbathed in the same

radiation.  We also write

plE) = § plu-w )

It is easy to show that
' 1
Py =1 nh we

and
=.h
P] wﬂ.f NO

Using the expression for “if’ Eq. (Al), and the equation for ]Mifl,,

Eq. (All), the expression for'aif;'the absorption coefficient for one.

transition, is

141r‘2'p‘(w-wi f)m N Oe2 , : o e
%r © no2 3 |[<ag|Ref-sla,>|" ~ (a1h)

This eXpreésion can be writteﬁ in the form of Eq. (3) by labéling'each
poésible transition by an index n and'observing'thét
w plw-w; ) = w plw-w ) = v p(v-v )

where v,isvthe frequency in any appropriate Units;' Then

_ knPey oxtesli 512 (a1e
@ = —53° v p(v-_-vn)|<fn| X1r§|1n | (A15)
hmc
2. Derivation of the‘Expression for a

In order to obtain the pélycrysfalline average absorption coefficient

n

field H in the spin Hamiltonianof Eq.{2) which enters into Eq. (Al5).

through the states lin 2 and lfn>, Ir general, these averages are ndt;h,

independent. For example, if RilIH, the averages are related through

this constraint. However, if the incéident radiation is not parallel

a5 we must average 0. over the direction of.ﬁ and fi, which are expressly

indicated in Eq. (Al5), and over the direction of the external magnetic .
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‘andvis.éérongly scéttered by a samplé placed iﬁ,é:transmission cavity,
We may assuﬁe that K is randomly oriented with ?éspect to both E and the
coordinétéAsystemiin which fhé spin Hamiltoniapfié_written. If, in
additioy,.the radiation is unpolarized, the thiéé'a&erages can be taken
indepeédently. Both of theée conditions hold-t6 §:good appréximation
in the.egperiments described_in fhis péper. '

The first two averages may be performed anéi&tically because of the
éxplicit}dependence of the operator Rkﬁ'§'on the qirections of K and 7.
The brienfafion of these two vectoré with respécf'fo the axes of the

spin Ha@iltonian is specified in the fqllowing figure:

We have chosen the angles 6., ¢p, a.nd.d;lTr to be Euler angles, as defined

by.Herbert'Goldstein, Clagsical Mechanics (Addisqn Wesley Publishing
Company , Iﬁc., Reading, Massachusétts, 1950).
' Using these angles and the transformation matrix (Goldstein, p. 109),

we may write the matrix element in Eq. (A15) as
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: <fnlﬁxﬁf§|in> = [cos¥ qCo8¢gcos by sin¢ﬁsig¢ ]<S >
4 [cos¥ 51n¢8fcoseacos¢ﬂs1nwﬁ]<s >

+ [51n6(ﬁsinib ]<S > e . B (A16)

where we have defined
<s.> = <f |s_|i >
x n n'"x'"n
The square of Eq. (Al6) contains a number of cross terms as well as
terms like_[<Sx>n|2. Hdwever, upon integrating,ball of the cross terms
vanish, and the result for the average over R'and?ﬁ is-
|2
ave

. ol s 1 2 a2 2 L
e [RxRes]s > 5 sl +.|<_Sy->nl. RS _ (a17)

=W
n
which is-ahvery reasonable form.

The. tran51t10n probability between two states ll > and f > is also

proportlonal to the difference in thermal populatlons of the two states,

~ exp(-E,_/kT) - exp(-E_ /KT)
e m) = 2 T P e (138)
. E exp(—Ei/kT)

where Ei is the eigenvalue of the spin Hamiltonian for state |i>. Since.

Pn(T) depends upon the eigenvaiues and therefére_upon the orientation of
H, it must be included in the remaining average. We may then write the
following expre551on for the polycrystalllne average of Eq (A15),

1nclud1ng all transitions

a(v) = ——ﬂé—g Zf[p v-v_) B (T) Wwlae,  (A19)
where

| dQH = 31nGH dGH d¢H ] -
and GH and ¢H are”respectively the polar and azimuthal angles of § wifh

respeét to the spin Hemiltonian axes.
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B." Calculatioﬁ of the Polycrystalline Absorptibn Coefficient

Inﬂihié appendix, we shall briefly.deécribéﬁtﬁe calculati@n fechniques
ﬁsed fé evaiuate the poinrystalliﬁe average gﬁsofpﬁion coefficient &;
derived;ig Appendix A, forbthevcaée S = 3/2. ﬁ§ shall also include é
discusSibﬁ:of the program SHAZAM, writteﬁ for fhe‘CDC 6600 computer,
which pérférms'the calculation. |

1. 'Calcﬁlation Technigues

We haﬁe evaluated the modified form of o
wv) =G5 & v, o0ev,00) 2 (1) W T an (B1)

where thevhﬁmeriéalvfactors have been eliminated; 'The transition
freQuenc& V# has been substituted fbr'v;sincé the'ébsorption coefficient
for‘eaéhﬁﬁAis large only aﬁ_frequehcies v = vn.’-Finally, the aésumed
Gaussian lineshape functioﬁ P now expliéifly_depeﬁds.upon a linewidth
parameter A, defined as the half width at half‘maximum; The definitioﬂ$.
of thé.iadder opérators

| s

+

S

T

S +is;
x Vv

Sx-iSy

can be used to rewrite W_ in terms of matrix elements of S, S_, and 8,
and symmetry considerations imply that‘the integfai in Eq. (Bl1) need
only bé éValuated‘ove: the first octant in GH an¢"¢Hf Finaliy,~for

S = 3/2 fhere-are in géneral fouriseparate énérgy1eigenfuhctions‘and
therefare;;x diétinct trénsitions of'index.n;» With these obser#ations;‘

Eq. (Blj'becomes
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N

alv) =

2_ g J/.E'd¢ ./r
37 n=1 Jo H o}

1 2 1, .2 2
[§1<S+>nl +'§|<S;?nl * l<Sz>nl ]}_

The integrand in Eq. (B2) is an exceedingly complex function of the

parameters v, H, D, E, T, A, eHvand ¢H. Futhefmore, since the evaluation

of the integrand for a particular pair of'valu;s kQH,¢H),involves
diagonalization of the uxk spiﬁ Hamiltbnian_matrix,:straightforwardﬂ
integrafion of a is a very time—cohsuming prqceés, éven on the highest
speed cémputers presently available. We have theféfbre used several
speciaiizéa calculational techniques which can gréatly reducé thé
required computation time, |

The'calculation of & can easily.be di?ided ipto éix seéarate
calenlations, one for each transition. This aiVisioh reduces the
complexity of the éalculatibn, and has the added advantage that the
contribﬁtion of eéch ﬁranSitioh to the total liﬂeshape is ekplicitly
obtainedf' We shall deséribe.one of these ca;Culgﬁibhs of a;'in detail
to illustréte the methodé eﬁployed in the progféﬁ SHAZAM.

We use as input parameters the values of H, D, E, T, and A. For

specified.values of H, D, and E, we may constrﬁdt a surface, defined by -

the value.of Vn as a functipn of GH and ¢H’ by obtéining the eigenvalues
of the spin Hamiltonian for a net of values ovaH and ¢H gnd computing
the energy difference which corresponds to the transition n. The
absorption coefficient &g(v) will only have appreciable values for

frequencies VvV which lie between the minimum and maximum values of vn

UCRL-19651

dGH {vn p(van,A)_Pn(T? sin eH . | - (B2)
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over this:Surface. (In_fact, since é lineshapé.isvincluded, the
&pﬁropriafe limifsvare.appfoximately vﬁin - 2A to vzax + 2A.) For a
given v;in:this range, the integrand of EQ. (B2) will be a sharply
peakedvfﬁnctién of Bﬁ for a given ¢H.- Conventipnal integration teéhniqﬁes
conveigé siowly fér such functions, since the ge#efal approach is to
subdi&ide éhe entire infegration interval intoian'increasing number of -
equal{diyiéions. With such methods, a large aﬁqunt of timg is spent
evaluafiné.the integrand at points where it is;hea;ly zero. This
disadvaptage has been avbided in ourcalculationéby determining the
region éf (GH,¢H) whére the integrand is apprééiqblé, and using thg
limits 6f:this region to define the integration_interval. This

corresponds to determining the (6 ) region between the intersection

1> Pn
of planes:at vn =V +y ¢+ Awith the vn surface, where Y is a parameter
that ma&‘be adjusted until>the‘desired éccuracy is obtained. Since a
. scan of;this kind need not be made over ¢H forvsmall E, we have used a
single cgiCulation for ¢H = 0 to determine the_limits of integration;
for large E, provision has been made to integraﬁefover the entire 6
-range.v'In additioﬁ’ we have included a calculatibn of Pn(T) over the
(GH,¢H).nef for all n corresponding to transitions from excited states.
Whenever the maximum value of Pn(T)'is less thén‘avépecified minimum
value,; no calculation of a; is made. Finally, in érder to concentrate
on freqﬁenpy regions where &; is rapidly varying,fﬁhe calculation has
been arfanged so that input data may specify #’range of frequency and
number'ofkfrequénciés to be calculated within thét range for any

transition.

These technigues have reduced the time required for an accurate
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calculainn of 35 with high resolution by'about affactdr of fifty. The _

results of the calculation for each transitioﬂfdﬁd'frequency for the
sPecifiéd éét of input parameters.H,.D, E,‘T, aﬁd'A‘are then used as
input détavto a short program, POST, which-igterpgidtes énd adds them
to give the total absorption coefficient, Ekv)::

2.  Program SHAZAM

The‘éfogram SHAZAM (Spin Hamiltonian Averaééd Zeeman Absorpfion:
Magnet?é—dibole) was written to pefform the caléﬁlation of &; fér S=3/2
according éo the'methods described in the precéding.sectioh. An
extensiveiy annotated listing of ﬁhe program”SHAZAM and a listing of the

_program POST are inéluded at the end of this section. Also, a flow
chart of the main subroutine of SHAZAM, ABSRBNC, is given'in Fig. Bl1.
The compiléd field length of the listed version éf SHAZAM on the
Lawrence Radiation Laboratory CDC 6600 computef'i$.5h3008, and the
execﬁtion lenéth is approximately 300008; 'Appréximately 20 decimal
seconds areé required to compile the ﬁrogram andvto genefate all of the
transitionftables, and the calculatibn bf a;(V§ féf a single frequency
requires approximately 1.5-3. decimal seconds.:;To avoid dupiicate

. calculétion of the transition tables,Athey are transferred to a tape
and subSquently punched or storedvén a.disk. Fuffher calculations for
the same;input parameteré (H,E,D,T,A) can thengméke'use_of the stored
tables. This option is exercised by placing é:card with READ TABLES in

the first 11 columns anywhere in the parametef'input string, which

contains a card each for H,E,D,T,DELTA, and PMIN in any order accordiﬁg_,

to the format specified in the program. The tabies supplied by an

earlier:run are then appended as the last cards in the deck. ' Otherwise,
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a card~§i£h TABLES in the first'six‘columns céuéeé transition tables
fo? the_spécified parameteré to be generated.  Fiﬁally, if integratién
over ﬁhe‘éntiré range 6f GH is desired for a largg iqput'value of E, a
card ﬁith_¢T¢PI/2 in the first seven columns éhgﬁ;d be inserted in the
input'bafameﬁér cérd string. |

if.a éérd with zero in the first column iﬁmediately foliows the
paramefér inpu£ éaidé,va.standard integfaﬁion sf:five frequencies for
“each trangition, equdlly spaced over the éntifé}frequency ranée for
that tfaésition. If any other character appears_in this column, SHAZAM
readS»céfds éontaining a8 transition index, fré@uency range, and number
of points to be calculated within that rangé. lThevformat is specified
in the.érégram. For each transition (the traﬁsition index is defined in
a not§ in the program), the value of PMUMAX, thé maximum value of Pn(T)
for thé'trénsition, is compared with the inputﬁfaiue PMIN. If PMUMAX isi
less fﬁan fMIN, no calculation for that'tranéi£i§n_is performed. Finally,
when a ééro is encountered in column one, the gaiqulation ends. Some
examples-of the results of the éalculation with:SHAZAM are shown in

Fig. 3.
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SHAZAM.

FOR A TRANSITION IS INDEPENDENT OF DELTA.

. C . . SHAZAM.
"PROGRAM SHAZAMTUINPUT=401,0UTPUT»TAPE&4=401, TAPES) SHAZAM,
- SHAZAM.
T R - SHAZAMS ~
PROGRAM .SHAZAM CALCULATES THE POWDER AVERAGE MAGNETIC DIPOLE SHAZAM,
ABSORPTION OF A SYSTEM DESCRIBED BY THE APPROXIMATE SPIN SHAZAM, -
HAMILTONIAN ) o SHAZAM,.
(H) = GB H®S + D( S(Z)##2 —~ 1/3( S(S+1))) + E( S(X)#%2 — S(Y)%%2) SHAZAM,
T ' T SHAZAM.
WHERE S = 3/2 AND THE INPUT PARAMETERS ARE SHAZAM,
: SHAZAM. ™
H = EXTERNAL MAGNETIC FIELD IN UNITS OF AMPERES THROUGH A SHAZAM,
SUPERCONDUCTING SOLENOID WITH H( KOE ) = 3,48 * I{ AMP ) SHAZAM.
D = TETRAGONAL CRYSTAL FIELD PARAMETER IN UNITS OF CMeR-1 SHAZAM,
E = RHOMBIC CRYSTAL FIELD PARAMETER IN UNITS OF CM**—i o "MODS. 1"
" SHAZAM.
FURTHER'INPUT PARAMETERS ARE——— — ——— —  — T/ SHAZAM,
SHAZAM.
T = TEMPERATURE OF SYSTEM IN DEGREES KELVIN. : SHAZAM,
DELTA = HALF WIDTH AT HALF MAXIMUM OF H = 0 TRANSITION SHAZAM,
SHAZAM.
THE FOLLONING ASSUMPTIONS ARE MADE IN THE CALCULATION SHAZAM,.
SHAZAM, ™~
{1) THE HAMILTONIAN IS WRITTEN IN A COORDINATE SYSTEM FIXED IN SHAZAM,
THE CRYSTALUITEs "ARD TH .
OF CRYSTALLITES WITH RANDOM ORIENTATION TO THE EXTERNAL MAGNETIC SHAZAM,
FIELD’ H. SHAZIIHO
(2) LARGE SCATTERING OF THE INCIDENT RADIATION WITHIN THE SHAZAM.
SAMPLE 18 ASSUMED~= THAT IS5 TSHAZAM, .
PERTURBING LIGHT IS ASSUMED TO BE RANDOMLY ORIENTED: NITH RESPECT SHAZAM,.
TO THE EXTERNAL MAGNETIC FTIELDs H. T SHAZAM,
(3) INDIVIDUAL TRANSITIONS ARE UNIFORMLY ASSUMED TO HAVE A SHAZAM,
GAUSSTIAN LINE SHAPE DUE TO SITE TNHOMOGENEITY. THE HALF WIDTH SHAZAM:
AT HALF MAXIMUM IS ASSUMED TO BE DELTA FOR ALL TRANSITIONS. THE SHAZAM,

LINE SHAPE FUNCTION’ HKS'BEEN_NORnItTZED—SU—THIT—THE—TUTKE“KBSURPTTUN—“—SHIIIM:—

SHAZAM.

"{4) THE G-FACTOR TS5 ASSUMED TO BE ISOTROPTIC WITH A VALUE G 2 00 SHAZAW,

END T

{5) THE THERMAL ENERGY KT IS ASSUMED TO BE OF THE SHAZAM.
ORDER OF Ds SO THAT THE THERMAL POPULATION OF THE INITIAC SHAZAM,
STATE OF A TRANSITION MUs P(MUs T)» MUST BE INCLUDED - SHAZAM,
IN THE CALCULATION VIA"THE DENSTTY OF INTTTAL STATES., SHAZAM.

' SHAZAM.
. o SHAZAM,

CALL ABSRBNC SHAZAM.

98 FORMAT (15FB8.3) "™ 7~ SHAZAM ™

CALL EXIT SHAZAM.

SHAZAM:

SUBROUT INE ABSRBNC ' SR R e

“SHAZAM,

SHAZAM,

SUBROUTINE ABSRBNC (ABSORBARCE) 1S THE MAIN CUNTROL‘”“ T
ROUTINE - FOR SHAZAM. IT CALLS ALt OF THE NECESSARY }

SHAZAM.
SHAZAM.

" SHAZAM.

SHAZAMo

XBL 706-1228
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C ROUTINES.TbSCALCULATE THE POWDER AVERAGE "ABSORPTIONs =~ ~

a¥a¥aXaNaXeXaXaXa¥a¥aTaNaXaXala}

" SHAZAM,.

C FOR A TRANSJTION WITH AN INDEX MU, AS FOLLOWS. T SHAZAM,

¢ LET 5 e e TREE » R Y T )

d S(A9B) DX ¢t F)y : ’ ‘ i-'_ ' SHAZAM,.

d ) o TTTTTTTTTTTSHAZAMG T T

C BE THE INTEGRAL OF FUNCTION F OVER THE X-INTERVAL FROM ) SHAZAM.

C A TO Bs- THEN ABSRBNC CALCULATESs FOR 'A” FREQUENCY ™~ 777 777777 T T T S AT AMee

C OMEGA. THEvABSORPTlON ) : . SHAZAM,

c - - s m ""“"“‘".‘“_‘ N - B “—""‘—’—WZ'K‘"'. et

e RESULT(MU' OMEGA) = : ’ SHAZAM,

c’ T — T TTTTTSHAZAMY T T

C (2/(3*PI)) S(0s PI/Z) DPHI(HD S(Oo P1/2) DTHETA(H) (F) SHAZAM,

C : ; TUSHAZAM, T

C WHERE F.1S PROPORTIONAL TO THE ABSORPTION COEFFICIENT . . SHAZAM,

- C OF TRANSITION MU, - EXPLICITLYS T SHAZAM,
C SHAZAM,
C F(MUs Ho» Eo Ds Ts DELTAs OMEGAS THETI(HT?"PH]1HTT"“‘“_"“"_"““"_‘““ "SHAZAM, -
SHAZAM.
P({MUy T) # G(OMEGAs MU, DELTA)N1"WMU"‘STNTTHETﬁT“*““”*‘"”““”““”“‘ SRAZAM,
. ‘ ' S SHAZAM,.
# (0o5%/7(S+)/%%2 & 0 5/1S=T/*¥Z F 7TSZY7*%Z) — v SHAZAMS
WHERE . : Lo SHAZAM.
P(MU, T) = .BOLTZMANN WEIGHTING FACTOR Tt T - SHAZAMe T T
G = LINE SHAPE FUNCTION h SHAZAM,
WMU = _ FREQUENCY OF TRARSTTTON MU N TTTTSHAZAMG T T
AND ! SHAZAM.
/(s+)/**2 = MKTRIX“EtEMENT“OF‘THE‘tﬁDDER—OPERITOR : SHAZAM,
S$S~PLUSs BETWEEN THE STATES CONNECTED N ) "SHAZAM,
BY TRANSITTON“MU'”K8SOtUTE“SQUKRE’“—”“‘—_“—“‘”—__““—_—SﬂnZKM‘*” ““““
: SHAZAM,
SIMILARLY FOR THE OPERATORS‘S“MTNUS‘#”D*S‘?EET—*'*“_‘__*““‘—__“——__—_SﬁtttMT*“““
’ ) o SHAZAM.
THE CALCULATION OF 'RESULT TS PERFORMED FOR ALL STX SHAZAMS

C TRANSITIONS FOR FIVE OMEGA VALUES BETWEEN THE RESPECTIVE SHAZAM,

C MAXIMUM AND MINIMUM TRANSTTTION-FREQUENCTESS OR SHAZAM,

C PROVISION IS MADE TO CALCULATE RESULT FOR SPECIFIED MU » SHAZAM,.

C OMEGA SETS. THE TNTEGRATION TS NORMAULY CARRTED OUT WITH SHAZAMe -

C THETA(H) LIMITS BETWEEN WHICH F SHOULD BE RELATIVELY . SHAZAM,

C LARGE. 'PROVISTON IS AL T .

C ENTIRE INTERVAL WHEN E IS LARGE. (SEE LATER COMMENTS.) . SHAZAM,

C o o e R SHAZAM.

C : o . SHAZAM,

C T oo e ] _ SHAZAM,
COMMON /ANGLES/THeCOSPHI 9 SINPHI »SINTH»COSTH S SHAZAM,
COMMON/ INT/7AT2Y B2V SEPSTZ) R SHAZAM,
EXTERNAL FNCTN ' 3 SHAZAM,
EXTERNAL FINT SHAZAM,

c - o ’ : ‘ SHAZAM,

C ' T SHAZAM.,
COMMON/THLIMIT/LIMITS ' - SHAZAM.
COMMON / ITHJPHT/TTH, JPH1 - ‘ SHAZAM.
DATA A/2%0/sB/1457079+1,57079/ . L SHAZAM, .
COMMON /ARGS/PHI ~ — SHAZAM.
COMMON/PARAMS/HIN(I)oEoDoT.DELTAyOMEGA9wT.WH . ] SHAZAM,
"DATA SMALL /1.E-1/"" T SHAZAM,.

DATA EPS/~e015-4005/ ' Lo SHAZAM,
DIMENSION NOMEGAS(8) K — SHAZAM.
DATA NOMEGAS/6%5/ B . SHAZAM,
DIMENSION MUCNTRLI(6) . ; T SHAZAM,
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DATA NCNTCRD/0/ s MUCNTRL/6%0/

DATA NCNTRL /0/ ‘
DIMENSION E1G(2955+6)

EQUIVALENCE (AsPHIMIN)s(A(2)s THMIN)s (BsPHIMAX)s(B(2}sTHMAX)
COMMON  /MUMU /MU -
DIMENSION ITAB (295526)sPHITAB(5) s THTAB(29)
COMMON/EIGEN/ALPHAS (4341 3 W(4)

COMPLEX ALPHAS

COMMON / TMUJMU / TMUT (6) 9 JIMUT (6)

DIMENSION EIGMAX(6)sEIGMIN{G) »
DIMENSION XEIGMIN(7)»XEIGMAX(7) o
EQUIVALENCE(XEIGMIN(2) sEIGMIN) s (XEIGMAX(2)sELGMAX)
DIMENSION ZEROS(30) ' o

DATA. ZEROS/30%0/

DIMENSION MUPTAB(6)»MUNRGY (6) sMUYES(6)

DATA MUPTAB/14+25093+050/

DATA MUNRGY/5+6+0565050/

DIMENSION PMUTAB(29+5+3)

COMMON /PROB/PRBMUT *

DIMENSION INDEX(6)sLOW(1096)sLHI(10s6)

DATA INDEX/6%0/sLOW/60%0/sLHI/60%0/

DIMENSION EIGENS{29)

COMMON/ INPUT/HIN1(1) sHIN2TO6(6)

COMMON/FINTER/MNASMXA
DIMENSION TBLCNTL(3) ,

INTEGER TBLCNTL :
FINTRP(XsXAsYAsXBsYB)=YA+{X=XA)/(XB=-XAI¥{YB-YA) ~ =~ =

[aXa!

PRINT 997
997 FORMAT (1H1)
CALL READATA

READATA READS INPUT VALUES FOR Hs Es Ds Ts DELTA AND PMIN
IN ANY ORDER, AND PLACES THEM IN A COMMON BLOCK CALLED . -
PARAMS. PMIN IS TEMPORARILY PLACED IN OMEGA OF PARAMS

BY READATA. READATA ALSO CONVERTS H(1) TO H(KOE)., THE'
UNCHANGED PARAMETERS ARE STORED IN A COMMON BLOCK CALLED
INPUT, o o C

[aXaNaleNaNaXaXs!

998 FORMAT(10X *H =% FS5.,1)

*

PMIN=OMEGA
c 3 v
c PMIN IS USED LATER AS A LOWER LIMIT TO THE BOLTZMANN
' C FACTOR P(MUs T). SEE COMMENT AFTER STATEMENT ABSRBNC
C 8004, S ' g
c i :
PRINT 80155 (HINI(K)sK=146) -

8015 FORMAT (' 10X H E D T DELTA  PMIN* /

* 10X 6F6.2 ) - '

C . .
C WH AND WT ARE THE PARAMETERS H(KOE) AND T IN UNITS OF
C INVERSE CENTIMETERS. )
C
WH= 09337 #* HIN
WT= 46950 * T
C
C
C

SHAZAM,

SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.

SHAZAM, -

SHAZAM.
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,.

SHAZAM, -

SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,

SHAZAM.

SHAZAM,

SHAZAM,.
SHAZAM,.
SHAZAM.

SHAZAM.

SHAZAM,"

SHAZAM.
SHAZAM,
SHAZAM,

SHAZAM.

SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.

" SHAZAM.

SHAZAM.
SHAZAM.
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM.
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C IF
C AS A FUNCTION OF THETA(H) AND PHI(H) IS GENERATED. SHAZAM,.
C OTHERWISEs THE TABLE IS READ FROM THE INPUT DECK OR FROM ' - SHAZAM.
C A STORAGE DISKe IF ANY OF COLUMNS 11 TO 20 ARE NOT BLANK SHAZAM.
C ON A CARD WHERE TBLCNTL = TABLES, T h SHAZAM.
C THEN THE TABLE IS GENERATED AND STANDARD INTEGRATION SHAZAM.
C OF FIVE OMEGAS PER TRANSITION IS DONE. ' SHAZAM,.
C THE TRANSITION TABLEs CALLED EIGs IS USED LATER SHAZAM,.
C TO DETERMINE INTEGRATION LIMITS IN THETATHT 'BETWEEN - SHAZAM.
C WHICH THE. INTEGRAND F IS LARGE, A DEVICE DESIGNED .TO . SHAZAM.
C REDUCE PROGRAM TIME. (SEE COMMENT BEFORE CALL TO HERMIT SHAZAM.
C IN ABSRBNC.) - SHAZAM.
c SHAZAM.
C o : : o SHAZAM.
READ 8017,TBLCNTL ) B T SHAZAM.
8017 FORMAT (3A10) ‘ SHAZAM.
NCNTRL=0 . ‘ SHAZAM.
IF(TBLCNTL «EQe 6HTABLES ) GO TO 15 SHAZAM.
C ' o SHAZAM.
o ) . : SHAZAM,.
READ. TN GENERATED TABLES™ "7 7™ T T " 'SHAZAM.
o : : SHAZAM.
S SHAZAM.
READ ‘801sEI1Gs THTABsPMUTAR - ' - SHAZAM,.
READ 8024 INDEXsLOWsLHI o - T o SHAZAM,
c e v SHAZAM.
NCNTRL = 1 T © 7T TTTSHAZAMe T
C ' : o : SHAZAM,.
C.SET CONTROL TO READ DATA DIRECTED TNPUT™ CoTrmm SHAZAM,
c S ' ' SHAZAM.
GO TO 125 T " SHAZAM.
C ' SHAZAM.
c - e e s e ST RN,
15 CONT INUE 3 SHAZAM.
IF(TBLCNTL(2) «EQe 1H ) NCNTRL = 1 SHAZAM.
C SHAZAM.
C NON BLANK FIELD MEANS INTEGRATE SHAZAM,
C ’ . SHAZAM,
C T " "SHAZAM,.
C o SHAZAM.
DELPHI=(1,57079-0}1/(5-1) SHAZAM,.
DELTH=(1457079-0)/(29-1) SHAZAM,
C C ) T SHAZAM.
C ' SHAZAM.
C THIS IS THE START OF THE LOOP THAT GENERATES THE 0 '° . ~7 777 777777777 'SHAZAM: "
C TRANSITION TABLEs EIGe DELPHI AND DELTH ARE THE- "~ : SHAZAM.
C INCREMENTS IN PHI(H) AND THETA(H)s RESPECTIVELY. SHAZAM.
C ' - SHAZAM.
c T SHAZAM.
DO 100 MU = .1+6 o SHAZAM.
c et o e e SR AN
C Mu IS THE TRANSITION INDEX ACCORDING TO THE FOLLOWING SHAZAM.
C TABLE ( W(I) ARE THE EIGENVALUES, IN ALGEGRATCALLY B ,SHAZAM.,
C DESCENDING ORDER ) ‘ ’ SHAZAM.
C MU = 1 TRANSITION w(2) TO Wi1l} ) SHAZAM,
C MU = 2 W(3) TO W(1) SHAZAM.
C MU = 3 Wla) TO W01y &7 7777 SHAZAM.
C MU = 4 Wi3) TO wW(2) SHAZAM,
C ‘MU =5 Wia) TO Wi2)

-59~

TBLCNTL = TABLES» ONLY A TABLE OF TRANSITION ENERGIES SHAZAM.

SHAZAM.
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MU = 6 - W(4) TO W(3) ~ SHAZAM,
: - o SHAZAM.
- , : . ' v , SHAZAM,
IF(MU o NE, 6) GO TO 155 L . i SHAZAM,
PRINT 901 ’ ' : : - SHAZAM,
901 FORMAT( / * ITH,JPHI * R SHAZAM,
* RE-NDX* T , _ SHAZAM.
* - * MU # 4X 6HTHETA »6Xs4HPHI »10X10HEIGENVALUE » SHAZAM,
@ 10X T B5H 372 .5x SH 172 » 5X 5H=1/2 »5X SH=3/2 ) SHAZANM,
155 CONTINUE o : _ ’ SHAZAM.
_ _. SHAZAM.
THE MINIMUM AND MAXIMUM OF EIG(MU) ARE PRINTED oUuT SHAZAM,
LATERs AS EIGMIN AND EIGMAX. HERE THEY ARE INTTTACTZED. -~  ~ = "SHAZAM, ~
o ' T o ’ SHAZAM.
EIGMAX (MU} =0 e SHAZAM,
EIGMIN(MU)=1,E5 L _ ' SHAZAM,
' T i SHAZAM.
. SHAZAM.
o CooTTTT T T " T"SHAZAM,.
IMy AND JMU ARE THE INDICES OF THE INITIAL AND FlNAL SHAZAM,
STATES FOR TRANSITION MU, THEY ARE DEFINED IN A DATA _ SHAZAM, ™~
STATEMENT IN FUNCTION FNCTNs AS IN THE TABLE ABOVEs AND SHAZAM,
STORED IN A COMMON BLOCK), IMUJMU. SHAZAM,
: R _ E - SHAZAM.
IMU = IMUT{MU) o e TTTTTTSHAZAM, T
JMU = JMUT(MU) ) L . SHAZAM,
T ! SHAZAM.
GENERATE EIGs PHITABs THTAB. PHITAB AND THTAB ARE . SHAZAM,
TABLES OF THE PHI(H) s THETA(H)" VALUES—FOR“wﬁTCH—TﬂE“”*;_“‘—_“——““”—“*SHAZlM.
TRANSITION - FREQUENCIES ARE EVALUATED. ) . ) SHAZAM, -
. A ) B T SHAZAMS
DO 140 JPHI= 195 . : ) SHAZAM,
PHI = 0 + [JPHI-1)* DELCPHI — : SHAZAMS
PHITAB(JPHI) .= PHI ' R SHAZAM.
COSPHI = COS{PHI) = ) . SHAZAM,
SINPHI = SIN(PHI) T SHAZAM,
DO 180 ITH = 1,29 "~~~ ] : T TTTSHAZAMS T
TTAB(ITHs JPHI sMU)=1TH : ) - ' SHAZAM,
TH = 0 +{ITH=-1)% DELTH ~ ) SRAZAM,
THTAB(ITH) = TH SHAZAM,
COSTH = COSI(TH) T i . T T TSHAZAM,
SINTH = SIN(TH) . ) SHAZAM,
Lo T T SHAZAMY T
SHAZAM,
SUBROUTINE HERMIT SETS "UP~ TRE‘HKMTtTONTﬁN*MKﬂan7nﬂrtAttS”TﬁE’"‘”‘f“‘ﬁhﬁﬁhﬂh
ROUTINES THAT GENERATE THE EIGENVALUES AND EIGENVECTORS. . SHAZAM.
SUBROUTINE E1GVCTR PRINTS THE INDEX NUMBERS OF THETAtHY —— ————"~ 7~ “SHAZAM, "~
AND PHI(M)s THE ANGLESs THE EIGENVALUE INDEX AND SHAZAM,
EIGENVALUEs AND THEIR RESPECTIVE EI1GENVECTORS: '_EIGVCTR‘—“"—_‘”“““_"MSHktnﬁ;"
ONLY PRINTS OUT FOR TRANSITION INDEX MU = 6, . SHAZAM,
. T ' SHAZAM,
- SHAZAM.
EIG IS THE TRANSITION TABLEo USED TO  DETERMINE THE LTIMITS — - SHAZAM,
OF INTEGRATION IN THETA(H) FOR A GIVEN TRANSITION INDEX SHAZAM,.
MU AND FREQUENCY OMEGA. THE LIMITS ARE FOUND BY  ~~— 777 "~ "SHAZAM,
DETERMINING THE INTERVAL OFf THETA(H) WHERE EIG(MU) LIES . SHAZAM.
BETWEEN OMEGA PLUS OR MINUS 2.¥DELTAS SHAZAM:
THIS IS THE REGION OF THETA(H) WHERE THE INTEGRAND (OR : . ’ SHAZAM,
TRANSITION PROBABILITY) FOR THE SPECIFIED- MU‘tﬁN“SE" S mmmr S HAZAM,
EXPECTED TO BE NON-ZERO. . SHAZAM.
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'CALL HERMIT

CALL EIGVCTRI(THs ITHsPHI s JPHI,MU)
EIGIITHsJPHI»MU) = W(JIMUY- W(IMU}
EIGMAX(MU)-AMAXl(EIGMAX(MU)vEIG(ITH’JPHI’MU))
EIGMIN(MU)=AMIN1(EIGMIN(MU)'EIG(ITHoJPHI’MU))

MUPTAB IS A SIX-COMPONENT VECTOR., IF A COMPONENT IS NON-
ZEROs THEN THE BOLTZMANN FACTOR Py CALCULATED IN GPW»s
1S COMPARED WITH PMIN TO DETERMINE WHETHER THE INTEGRALS
FOR THE CORRESPONDING MU -SHOULD BE CALCULATED. THIS
COMPARISON IS MADE FOR MU = 1s 2s 4 THESE ARE ALL .
TRANSITIONS FROM EXCITED STATESs AND WOULD BE EXPECTED

TO HAVE A" SMALLER EFFECT DUE :TO BOLTZMANN DEPOPULATION. .
THIS COMPARISON SCHEME IS DESIGNED TO REDUCE PROGRAM TIME.

MUPTABM=MUPTAB (MU) .
IF(MUPTABM .EQ. O) GO TO 180

GPW CALCULATES THE BOLTZMANN FACTOR P(MUsT)s THE LTNE
SHAPE FUNCTION G(({OMEGA ~ WMU)s DELTA)s AND RETURNS

. GPW = G * P % WMU o
THE VALUE:OF P IS STORED IN A COMMON BLOCKs PROB. - AT THIS
POINT» THE ONLY PART OF GPW USED IS THE CALCULATION OF ‘P,
A TABLE» PMUTAB» STORES THE VALUES OF P FOR ALL THETA(H)
AND PHI(H) FOR THE THREE MU VALUES SPECIFIED .BY MUPTAB.

GPWMU=GPWI(MU) - : '
PMUTAB(ITH,JPHIoMUPTABM) = PRBMUT

' 180 CONTINUE
140 CONTINUE

PRINT OUT EIG(MU).

PRINT 8003sMU

8003 FORMAT (# MU =#13)

DO 110 J=1,5

110 PRINT 80029Jy(EIG(l¢J9MU)’I 1,29)
8002 FORMAT(I5510E1243s/ {5x 10E12.3))

THE FOLLOWING SECTION SCANS THE TRANSITION TABLES ElG.l
FOR PHI = 0 FOR EACH MU TO LOCATE THETA-VALUES OF

RELATIVE MAXIMA AND MINIMA, VIT CREATES A TABLE LHI9-LOWA N

(10 X 6) WHERE THESE THETA INDICES ARE STORED. THE ]
STORED INDICES ARE THE BOUNDARIES OF REGIONS OF THETA.
WHERE THE TRANSITIONS ARE MONOTONICs FOR EACH MU. -
INTERVAL NUMBER 3 FOR MU wouLD BE

{THETA({ LOWI(3sMU) )s THETA( LHI(3,MU) 1)
SINCE . THE CODING WOULD BE TOO TIME-CONSUMING» NO SCAN -
OVER PHI IS MADE., THE PHI = 0 INTERVALS ARE ASSUMED TO'
HOLD OVER THE ENTIRE PHI REGIONs WHICH IS ACTUALLY TRUE
ONLY FOR THE CASE € = 0, THEREFOREs A SWITCH IS INCLUDED
ELSEWHERE TO ALLOW INTEGRATION OVER THE WHOLE THETA
RANGE- IN THE CASE OF LARGE E, " FINALLY s TINDEX{MU}) IS SET
EQUAL TO THE NUMBER OF INTERVALS FOR THAT MU.

SSSIGN(142EIGI2s1sMUI=EIGI1s1sMU))

SHAZAMe
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,

SHAZAM.”

SHAZAM, -

SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM. .
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,.
SHAZ AM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
- SHAZAM,
SHAZAM.
" SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM, '
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM, °
SHAZAM,.
SHAZAM,
SHAZAM‘
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM, .
SHAZAM.
SHAZAM. .
SHAZAMe
SHAZAM.
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SHAZAM,.

- i e o __SHAZAMs
INDEX(MU)=1 SHAZAM,
LOW(1sMU) =1 SHAZAM.

FER T TTSHAZAM.
SCAN o N SHAZAM.
B T SHAZAM, -
p]e] 510 123429 SHAZAM. -
SB= SIGN(I.'EIG(I'I’MU)-E!G(I lcl’MU)) SHAZAM,
IF(SB +EQ. S ) GO TO 505 SHAZAM,
NDX=!NDEX(MU) SHAZAM,
LHI(NDX:MU)=I-1 SHAZAM,
LOWINDX+1sMUy = =1 7~ T SHAZAM.
INDEX (MU} =NDX+1 o SHAZAM.
500 S=SB -SHAZAM,
GO TO 510 ) . i SHAZAM.

505 CONTINUE - T " SHAZAM,.

NDX=INDEX(MU) SHAZAM,
: LHI(NDXsMU)=29 ) T e e e SHAZAM,
510 CONTINUE . SHAZAM,
R T BHAZAM. T T
PRINT . SHAZAM.
T TTTSHAZAM.
PRINT 801091NDEX(MU)v(LOH(KNDX’MU):LHI(KNDX:MU)oKNDX I-NDX) SHAZAM,
8010 FORMAT (* NUMBER OF INTERVAL PIRTITTUNS = ¥ 15/ T T T TUSHAZAMST
*# #  LOW » HI® » / SHAZAM,
» (215) ) - R - TSHAZAM, T
PRINT 8021y EIGMIN(MU), ElGMAX(MU) SHAZAM,

8021 FORMAT (20X s*EIGMIN =#E1B, 4y * =~ ETGMAX =¥ EIB8.4) T SHAZAM. T

100 CONTINUE : ; SHAZAM,

: e e S SHAZAM. ~

SHAZAM,
- _ — SHAZAM.
: K SHAZAM.
THE FOLLOWING PLACES THE TABLES ETGs THTAB» PMUTAB, "INDEXS SHAZAM "
LOWy AND LHI ON TAPE 59 FROM WHICH THEY CAN BE PUNCHED OUT ) SHAZAM,
OR STORED ON A DISK FOR SUBSEQUENT DﬂTﬁ“ﬂTRECTEﬁ_RUNS‘”‘“’“"*ﬁ“"‘"‘“"”“SHﬁZﬁM*‘“ -
. SHAZAM,
' . . SHALAM,.
HRITE(5’801) EIGs THTABPMUTASB SHAZAM.
WRITE(5+802) INDEXsLOW,LHI T"SHAZAM. - T

801 FORMAT(5E164.6) ) ) SHAZAM,

802 FORMAT(8110) e ; S TTT T "SHAZAM.
ENDFILE 5 . SHAZAM.
REWIND 5 T T T SAAZAM,

) SHAZAM.

e " SHAZAM,

. SHAZAM,

WE NOW HAVE THE NECESSARY INFORMATION TO PERFORM™THE =~~~ 777" 77" "' SHAZAM.
AVERAGING INTEGRAL FOR EACH TRANSITION IN THE MOST SHAZAM,
EFFICIENT MANNERs l. Eo» BY CHOOSING REGIONS OF THETA ~~ "~~~ ‘SHAZAM,.
FOR FREQUENCY OMEGA WHERE TRANSITION MU LXES WITHIN SHAZAM,
{STDEV) HALF-WIDTHS OF OMEGA. SHAZAM.
SHAZAM,.

125 CONTINUE TTTTTTITm T s e SHAZAM.
IF{NCNTRL «EQe O ) GO TO 153 SHAZAM,.

' : ' T e "SHAZAM,
SHAZAM.

e : om0 SHAZAM.

IF NCNTRL = 0 THE PROGRAM USES EIG AND THE OTHER TABLES "SHAZAM,

INITIALIZE
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cT0 DETERMINE REGIONS OF OMEGA FOR EACH MU WHERE ABSORPTION
C- OCCURSe. IF NOTs THE SECTION FOLLOWING READS IN DATA-
C DIRECTED LIMITS(MU) OF OMEGA AND THE NUMBER OF POINTS
C BETWEEN THOSE LIMITS TO BE CALCULATED,.
C
DO 152 MU=1+6

READ 80130MUMUCNoEIGMIN(MUMUCN)’EIGMAX(MUMUCN):NOMVAL

PRINT 8013 sMUMUCN s E TGMIN(MUMUCN) s E1GMAX (MUMUCN ) sNOMVAL
8013 FORMAT (110+2E20,45110)

IF(NOMVAL oGTs 0) NOMEGAS(MUMUCN) =NOMVAL

IF(MUMUCN « EQ « 0) GO TO 153 -

MUCNTRL (MUMUCN) =1
152 CONTINUE
153 . CONTINUE

[a¥aNaXakal

C
c : P
c S . S o
C PRINT~OUT OF THE MAXIMUM AND MINIMUM NUMBER OF ITERATIONS
C REQUIRED TO OBTAIN CONVERGENCE OF THE. INTEGRAL IS
C PROVIDED ELSEWHERE. HERE THE OUTER (PHI) INTEGRAL
C ITERATION INDICES ARE INITIALIZED. =~ =~~~ =7 "
c : : B
c o
MNAFLG=20
MXAFLG:-ZO -
THIS IS THE START OF THE MAIN INTEGRATION Loop.jb
DO 200 MU = 1,6 - :
IF((NCNTRL oNE+ 0) .«ANDs (MUCNTRL(MU) +EG. O) ) GO TO 200
c o . A
C IF MUCNTRL IN THE DATA-DIRECTED INPUT IS ZEROs NO
C FURTHER INTEGRALS ARE CALCULATED, :
c
MUYES (MU} =0
MUPTABM=MUPTAB (MU) _
c _ R e
C MUNRGY IS AN INDEX(MU) MARKER FOR A PRINT STATEMENT OF
C WHICH INITIAL STATE ENERGY HAS THE MAXIMUM P FOR THE
C CASES WHERE P IS TESTED AGAINST PMIN,
C
C

MUE =MUNRGY (MU)
IF(MUPTABM .EQ, 0) GO TO 205
PMUMAX = TABMAX(PMUTAB(I’IvWUPTABM)'29’5’JNTH-JNPHI)

C
¢ -
C PMUMAX IS THE MAXIMUM VALUE OF THE BOLTZMANN FUNCTION
C P FOR THE EIG(MU) SURFACE- T T
C
¢ - o . . K.
PRINT 80049PMUMAX’EIG(JNTHyJNPHlyMUE)yPMIN
8004 FORMAT (* P(MUsT) =%#E16.49s% AT ENERGY ¥FT7e3,% o ~
* £1644) o
IF(PMUMAX LT« PMIN) GO TO 200 o
¢ .

C IF MAXIMUM P { CALLED PMUMAX ) IS LESS THAN PMIN, SKTP

SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM‘
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
 SHAZAM.
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
- SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
Tt 7 SHAZAMS
SHAZAM.
SHAZAM.
SHAZAM,

PMIN =%  SHAZAM.

SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
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C CALCULATION.. SHAZAM,.

C . — oo SHAZAM.

C . SHAZAM.

205  CONTINUE . N SHAZAM.
MUYES (MU} =1 SHAZAM,.

. . . SHAZAM,.

C o SHAZAM.

C INTEGRATE IF ABOVE. TESTS PASSED _ SHAZAMs

c ' SHAZAM.

C : " I - _ 775HAZAM.
OMEGAA = EIGMIN(MU) SHAZAM,
OMEGAB = EIGMAX(MU) SHAZAM.
IF(OMEGAA .GE« OMEGAB) GO TO 200 - TSHAZAM,
DELOMEG = (OMEGAB-OMEGAA)/ (NOMEGAS (MU)-1) SHAZAMe

8001 FORMAT ( ® MU = % [4 ) SHAZAM.
PRINT 8001sMU S i - _ SHAZAM.
NOMVAL =NOMEGAS (MU) ' "SHAZAM,

C o ' ) SHAZAM.

C NOMEGAS(MU) ARE ALL SET EQUAL TO FIVE UNLESS DATA- ] T SHAZAM.

C DIRECTED INPUT CHANGES THEM VIA NOMVAL. NOMEGAS IS THE SHAZAM.

C NUMBER OF OMEGA VALUES AT WHICH ABSORPT CUCATED. T "SHAZAM.

C . P SHAZAM,

C THIS IS THE START OF "THE OMEGA LO0OP FOR EATH MU, SHAZAM. 7

C ) SHAZAM,

C T “SHAZAM, "7
DO 220 NO=1s NOMVAL SHAZAM.
OMEGA = OMEGAA "+ YNO—TT?_UEEUHEG SHAZAM. —

C SHAZAM.

c . - TTTTSHAZAMe -

C IF (LIMITS eNEs O}s THEN SKIP THE THETA(H) LIMIT SHAZAM,

C CALCULATION (GO TO §10} ~° ~777~ T SHAZAMG

C - SHAZAM.
IF(LIMITS.NEL,O) GO TO 810 SHAZAN,

OTHERWISE e e o, - SHAZAM,
e SHAZAM.
T SHAZAM, ~ ™~
. . SHAZAM.
THIS SECTION ( THROUGH STATEMENT ESTTHE - SHAZAM,
INTEGRATION INTERVAL IN THETAs FOR EACH OMEGA, WHERE THE SHAZAM.
INTEGRAND SHOULD BE RELATIVELY LARGE. THIS TS UtlERHthD SHAZAM, .
BY INTERSECTING PLANES AT OMEGA + 2.%*DELTA AND . SHAZAM,
OMEGA =~ D.*DELTA WITH THE SURFATUE EIGTMUT,. THE i SHAZAM, 7
REGION OF THETA BETWEEN THE INTERSECTIONS WILL HAVE THE SHAZAM,.
LARGEST CONTRIBUTION TUO THE INTEGRAL. WHEN EIGIMUOT IS SHAZAM: —
NOT MONOTONICs THE INTEGRATION LIMITS ARE DETERMINED SHAZAM.
WITHIN THE INTERVALS WHERE EIGTMU) IS MONOTONTICT» AND AN~ SHAZAM. 7
INTEGRAL IS CALCULATED FOR EACH OF THESE INTERVALS. THE SHAZAM,.
LIMITS ARE SET AS . ' T - SHAZAM.  ~
THETA A(2) TO B(2) . R SHAZAM,
PHI A{l) TO B(1) " A - T U7 "SHAZAM.
A SCAN OVER PHI(H) 1S MADE WITHIN EACH INTERVAL IN SHAZAM,
THETA AND THE MINIMUM LIMIT{PHI) AND MAXIMUM LIMIT(PHI) . SHAZAM,
ARE USED TO DETERMINE THE INTEGRATION INTERVAL. THE PHI SHAZAM.
INTEGRATION LIMITS ARE ALWAYS SET TO™ T SHAZAM,
A{l) = O B(1) = P1 / 2 SHAZAM.
I "~ SHAZAM.
SHAZAM.
. e e e e oy i SHAZAM °
NTHMIN=29+1 SHAZAM.
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NTHMAX =0

CNTHMIN AND NTHMAX WILL BE THE THETA~INDICES FOR THE
INTEGRATION. HERE THEY ARE INITTALIZEO,

NDX=INDEX(MU)
SUMINT=0.

SCAN OVER PHI(H) TO DETERMINE MAXIMUM INTEGRATION

INTERVAL IN THETA(H)e = THE LOOP IN ND MAKES THE SCAN- IN

EACH MONOTONIC INTERVALs AND CALCULATES THE INTEGRAL
THEREs -THE LOOP IN JPHI IS THE PHI SCAN.. -

DO ‘550 ND=1sNDX

NDLOW=LOW ( ND s MU)
NDHI=LHT (NDsMU)
ITSIZE=NDHI~NDLOW+1

DO 520 JPHI=1,5 B

SUBROUT INE MOVE TRANSFERS COMPONENTS FROM ONE _VECTOR
TO ANOTHER. HERE IT TRANSFERS THE COMPONENTS
(EIG(NDLOWs JPHIsMU) TO EIG(NDLOW '+ (ITSIZE- 1)-JPH[.MU))
_INTO THE .VECTOR EIGENSs USED BELOW.

CALL MOVE(ITSIZESsEIGINDLOWs JPHIsMU)VETGENS ) - A

OMDELA=OMEGA-2 ¢ *DELTA
OMDELB OMEGA+2+#DELTA

CHECK TO SEE WHETHER EIG IS MONOTONICALLY INCREASING
OR DECREASING IN THETA-INTERVAL NDe.

S=1. .
SET SWITCHs Ss TO READ (EIG INCREASING).
IF({ (EIGENS{2) -EIGENS) +GEs .0) GO TO 600

NOW CHECK., IF EIG IS INCREASING» GO TO 600.
IF NOTs SET S TO READ (EIG DECREASINGI).

S-—l.

IF €16 IS DECREASINGs THE FOLLOWING LOOP TN NEIGENS
REVERSES THE SIGN OF EACH EIG COMPONENT IN INTERVAL -ND»s
MAKING EIGENS INCREASING MONOTONICALLY. THIS MEANS: THAT
THE LATER SCAN OVER THETA TO DETERMINE THE INTEGRATION
INTERVAL NEED ONLY DEAL WITH INCREASING FUNCTIONS,_A
GREAT SIMPLIFICATION. o

DO 601 NE!GENS=1;IT$IZE

601 EIGENS(NEIGENS)=-EIGENS(NEIGENS)
TOMEGA=OMDELR S
OMDELB=~OMDEL A
OMDELA=~TOMEGA

600 CONTINUE

SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
. SHAZAM.,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,.
SHAZAM,.
SHAZAM.
. SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAMe.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAMe.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM, -
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM
SHAZAM
SHAZAM
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ASCENTF '(MACHINE LANGUAGE) SUBROUTINE iTBLKP ~ =~ 77777 " SHAZAM.
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C INTEGRAL -AFTER SOME NUMBER OF ITERATIONSo DA IS THE SHAZAM.
' XBL 706-1238

C

C (TABLE LOOK-UP) IS5 A BINARY SEARCH ROUTINEe IN THE FIRST SHAZAM.

C CALLs IT FINDS THE INDEXs I1TBLKP, OF EIGENS BETWEEN NDLOW SHAZAM,

C AND NDLOW. + -(ITSIZE-1) WHERE o .+ SHAZAM.

C _ SHAZAM.

C EIGENS(ITBLKP) e«LE. OMDELA .LT. EIGENS(ITBLKP + 1)  SHAZAM,

C ' SHAZAM.

C THAT 1S) IT FINDS THE THETA INDICES OF -THE EIG lNTERVAL ND' SHAZAM,

C BETWEEN WHICH EIG CROSSES OMDELA = OMEGA - 2.=DELTA." SHAZAM,

C THEN I1 IS THE LOWER LIMIT THETA INDEX OF THE INTEGRATION  SHAZAM.

C INTERVAL., 12 SIMILARLY BECOMES THE UPPER LIMIT 1Noex. T SHAZAM,

C . SHAZAM.

c o , T TS AZAM. T
1Ls!TBLKP(OMDELA.thlzsggIGENS) + NDLOW -1 . . SHAZAM.
12=ITBLKP(OMDELBs ITSTZEEIGENS) + NDLOW -1 , SHAZAM,

C o o SHAZAM.

C THE FOLLOWING SECTION CHECKS THE TNDICES T1 AND 12 T T S HAZ AMG

C AND SETS .THE THETA INDICES NTHMIN AND NTHMAX TO THE PROPER - SHAZAM,

.C VALUES AS THE SCAN OVER PHY 15 MADE. o T SHAZAM,

c : » o : SHAZAM.
IF({ 11 +LT. NDLOW) GO TO 516 - T SHAZAM,
IF(12 oGE. NDH! } GO TO 515 ' ‘ SHAZAM,.
12=12+1 ST T g . “SHAZAM. T

512 NTHMIN=MINO (NTHMIN»I1) - v . SHAZAM,
NTHMAX=MAXO{NTHMAXT2) 7"~ T “SHAZAMS
GO TO 520 , SHAZAM,

"51% CONTINUE e : - - SHAZAWM.
IFL11 4GE., NDHI) GO TO 520 . S SHAZAM,
11=MAXO(MINO(T14NDHI=1)sRDLOW) "~ - . : SHAZAM,
12=NDHT SHAZAM.

© GO TO.512 . e . T SHAZAMSE T
516 CONTINUE : SHAZAM,.

IF(12.LT4NDLOW) GO TO 520 : SHAZAM,
I11=NDLOW o : : SHAZAM.
12=MINO(T2+14NDHI) ~— 7 oo o= : T SHAZAM,
. GO TO 512 ' : S SHAZAM.

520 CONTINUE T e — : TTTUTUSHAZAM, T
o SHAZAM.

END OF PH! SCAN LOOPg ~= " = == T SHAZAM,
. _ SHAZAM,

NOW CHECK TO SEE WHETHER NTHMIN AND NTHMAX CTE~ TTTTTSHAZAMG T T
OUTSIDE THE WHOLE INTERVAL. IF THEY DOs THE GO TO 540 SHAZAM.

STATEMENT SETS THE INTEGRAL EQUAL TO" THE“TNTTTﬁt‘Vﬁth‘““‘”"—‘“*“‘“ —SHAZAMs
OF SUMINT»s ZERO,. S SHAZAM,
) T T : : SHAZAM,
OTHERWISEs THE THETA LIMITSs THMINs THMAX ARE SET SHAZAM,

EQUAL TO THE APPROPRIATE VALUESs ~THESE ARE EQUIVALENCED - SHAZAM. =
TO Al2)s B(2) RESPECTIVELYs AND PLACED IN THE COMMON . SHAZAM,.

BLOCKs INT, - B ‘ T SHAZAM,

. . SHAZAM.

IF( (NTHMAX «EQes 01 oOR, [(RTHMIN SEQV 129 #1717 ¥ GO TO B40 "~ ~SHAZAMS ™
THMIN=THTAB(NTHMIN) _ R SHAZAM,
THMAX=THTAB(NTHMAX ) SRR R SHAZAM,
C S SHAZAM.
C e ) SHAZAM.
610 CONTINUE i ) o , SHAZAM.

¢ S - e e SHAZAM.-

C SMALL AND EPS CONTROL THE ACCURACY OF THE INTEGRATION : SHAZAM,

C ROUTINES ASMPSN AND ASMPSN2. IF A IS THE VALUE OF THE - : SHAZAM.
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DIFFERENCE OF THE LAST TWO SUCCESSIVE ITERATIONS‘ THEN B SHAZAM,

C
C THE CONVERGENCE TEST IS v . SHAZAM,
C ~ ABS(DA) / ABS(A + SMALL) LESS THAN EPS R . SHAZAM,
C ' o - . - SHAZAM.
C EPS IS A TWO-COMPONENT VECTOR., EPS(1) 1S USED FOR ™~ SHAZAM,
'C THE OUTER (PHI) INTEGRALs AND EPS(2}s STORED IN THE : SHAZAM.
C COMMON BLOCK INT, FOR THE INNER (THETA) INTEGRAL. - R SHAZAM,
< o : SHAZAM,
C B o : I SHAZAM.
: TR=SMALL ‘ C SHAZAM.
c e T e SHAZAM.
C HERE THE INNER (THETA) INTEGRAL ITERATION INDICES SHAZAM.
C ARE INITIALIZED, ‘ ST e n T U SHAZAM,
© MNA=20 ' S ' SHAZAM.
MXA=20 , Iy
C _ : : . SHAZAM.
C INTEGRATE. SUBROUTINES ASMPSN AND ASMPSN2 ARE VIRTUALLY """~ " SHAZAM,
C IDENTICAL ADAPTIVE SIMPSON INTEGRATION ROUTINES. TR IS - SHAZAM,
C A TEMPORARY RESULT., IF MORE THAN ONE INTERVAL TN THETA ™~~~ . SHAZAM,.
C OCCURSs THE TR VALUES ARE ADDED IN SUMINT TO GIVE THE. SHAZAM,
C TOTAL INTEGRAL. T T TTTUSHAZAMGE T
C EXTERNAL FUNCTION FINT CALCULATES THE INNER (THETA) - SHAZAM,
C INTEGRAL AND SETS THE INNER ITERATION ‘INDICESs MNA AND T SHAZAM,
C MXAs o _ o v _ : SHAZAM,
¢ _ o m_wuhmmm‘w__”“,ffLh%fw_“m“_w e SHAZAM.
C o _ C SHAZAM.
AFLAG=ASMPSN(FINTsAsBsEPS»TRY ™~ ‘ A SHAZAM: "~
c . ' _ R SHAZAM.
C o " . : . : - T T - B SHAZAM. R
C REMOVE SMALL FROM TR AND APPLY FACTOR OF (2/(3%PI1))e = SHAZAM,
C . . Rl o e - _— -—-MOD—S.—Z e e
c S v : ' MODS. 3
TR=(TR-SMALL)* ,3333333/1,57079 T - SHAZAM:
PRINT :8000s0MEGA»TRsA{1}sB(1)sA(2)+B(2) : SHAZAM,
C R . o o e ) R T T T T T S HAZAM e T
C PRINT INNER (THETA) INTEGRAL ITERATION INDICES o SHAZAM,
p R CEORAR AR gt e G M
PRINT 8020 sMNAsMXA o : SHAZAM.
8020 FORMAT({ S5Xs*MIN = #15,% ~ MAX =¥I57J — TTSHAZAM, T
c UPDATE OUTER (PHIJ INTEGRAL TTERATION INDICES TO "~~~ SHAZAM, ~
C MAXIMUM AND MINIMUM OVER ALL PRECEDING INTEGRALS. : : SHAZAM,
' _ T TTTTTTSHAZAMG T
MNAFLG=MINO ( [FIX(AFLAG) sMNAFLG e - SHAZAM,
: MXAFLG=MAXO ( TFIXIAFUAGY sMXAFLGT S SHAZEM,
C o IR SHAZAM.
C ADD TR TO PRECEDING RESULTS FOR OTHER THETA TNTERVALS. T TTSHAZAMG T
c .y — . ' L SHAZAM.
SUMINT=SUMINT+TR 77777 I TTSHAZAM, T
540 CONTINUE S N SHAZAM,
d o o : - SHAZEM,
C RE-INITIALIZE NTHMIN, NTHMAX FOR NEXT PASS P v SHAZAM.
C ' e T B “SHAZAM.
- NTHMIN=294+1 _ . S SHAZAM,
NTHMAX =0 o _ T TTTUSHAZAM. T
C S S ©© SHAZAM.
C END OF - THETA INTERVAL (NDV LOOP T TTTTSHAZAMT T
c : . S SHAZAM.
550 RESULT=SUMINT B T T T SHAZAMG
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STORE RESULTS ON TAPE 4.

WRITE (458014) HINl’E’DyT9DELTA»MU’OMEGA9RESULT

8014 FORMAT(SFé.ZoIS;ZEZO.Q)

PRINT 8011sRESULT

8011 FORMAT(10X s ®INTEGRAL(OMEGA) = * E16.4)

8000 FORMAT (5X. *OMEGA =#F9.3»% INTEGRAL = *El6.4s%*
* HyRF6.29%) .5 THETA =(% F6.29s ®s% F6o25 %)%

10

END OF OMEGA (NO) LOOP
CONTINUE
END OF TRANSITION (MU) LOOP

CONTINUE
PRINT B8020sMNAFLG#MXAFLG

WRITE(458014) HINLsEsDsTH»DELTA

ENDFILE 4 ) A » -

REWIND 4
STOP

END".
FUNCTION XMINMZ(AMIN;B;J.JMIN)

XMINMZ=AMIN T

IF(AMIN +LE. B) RETURN
XMINMZ =B

IMIN=J

RETURN

END - i
SUBROUTINE MOVE(NsAsB)
DIMENSTION A(1)sB(1)

DO 10 K=1,N ) i T T

B(KY=A(K)
CONTINUE . : O
RETURN :

END e e e e

FUNCTION FINTI(X)

. COMMON 7 ARGS /PH1

COMMON/ANGLES/THsCOSPHT sSINPHI» COSTHsSINTH
COMMON/INT/A(2)sB(2)sEPS(2) :
COMMON /FINTER/MNA s MXA
EXTERNAL FNCTN
DATA SMALL/1,E-2/
DATA SMALL  /1.E-1/

. PHI=X"

COSPHI=COS(PHI)
SINPHI=SIN(PHI)
RESULT=SMALL

" ASMP= ASMPSNZ(FNCTN;A(Z)-B(Z)’EPS(Z)vRESULT)

MNA=MINO(IFIX(ASMP) sMNA)
MXA=MAXO(IFIX{ASMP)sMxA})
RESULT=RESULT~SMALL

PHI

:v)j

_=I*MF§.29

SHAZAM.
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SHAZAM,
SHAZAM,
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SHAZAM,
SHAZAM,
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SHAZAM.
SHAZAM,
SHAZAM,
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SHAZAM,
SHAZAM.
SHAZAM,.
SHAZAM.,
SHAZAM.
SHAZAM.
SHAZAM,

SHAZAM, .

SHAZAM.
SHAZAM.
SHAZAM.
" SHAZAM.,
SHAZAM,

SHAZAM, .
SHAZAM, -

SHAZAM.
.SHAZAM,
"SHAZAM,

SHAZAM, -

" SHAZAM.

SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.

SHAZAM,

SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM, .
SHAZAM,
SHAZAM,
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FINT=RESULT
RETURN
END .

 FUNCTION FNCTN{SECOND) -

COMMON /- IMUJMU/ TMUL6) » JIMU(6) -
" COMMON / MUMU /MU

DATA UMU/3%1,2%243/

DATA IMU/29394939494/

COMMON /ARGS /PHI

COMMON /ANGLES/TH»COSPHI » SINPHI
COMMON /ANGLES/SINTHsCOSTH
COMPLEX SMATRIX

COMMON / SMATS/SMATRIX(4s443)
DIMENSION SCOEF(3)

DATA SCOEF/e5345514/
DIMENSION SSUMV(6)

TH=SECOND
COSTH=COS(TH)
SINTH=STN(TH)
CALL" HERMIT -
I=1MU(MU)
J=JMU(MU)
SUM=0

DO 20 K=1,3

SUM = SUM + SMATRIX(JoI’K) * CONJG(SMATRIX{Js1sK)) -

* * SCOEF(K)

CONTINUE
PROD=SUM*GPW (MU} *STNTH
CONTINUE

FNCTN=PROD
RETURN
END

SUBROUTINE HERMIT

COMMON/ ITHJPHI/ITHs JPHI
COMMON /7 MUMU /MU

COMPLEX STRANS
COMMON/ANGLES/THs COSPHI ¢ SINPHI"
COMMON/ANGLES/SINTHs COSTH
COMMON/PARAMS/HIN(I)’EoDyTQDELTA,OMEGA
COMMON /P ARAMS /WT s WH

- SHAZAM.
SHAZAM
SHAZAM,

SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
. SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
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SHAZAM.
SHAZAM.
SHAZAM.
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SHAZAM.
SHAZAM.
SHAZAM, -
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
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SHAZAM.
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COMPLEX ALPHA
COMMON/ETGEN/ALPHA(434) oW 4)
COMMON /RIEIGEN/RALPHA s AIMALPH
DIMENSTON RALPHA(696)sAIMALPH(6+6)
COMPLEX SPLUSsSMINUSsSZEE
COMMON/SMATS/SPLUS(#94)9SMINUS(494)'SZEE(4,4)
COMPLEX H
. DIMENSION H(6s6)Y . . o
COMMON/SREALS/SRPLUS(a’a)’SRMINUS(A’4)oSRZEE(4:4)

DATA SRPLUSsSRMINUSsSRZEE/48%0/

DATA® SRPLUS(I.Z)OSRPLUS(B!Q)oSRMINUS(Z’l),SRMINU5(4!3)
* L/ 4% 14732050808/

DATA SRPLUS(293) sSRMINUS(392)/2%2,/

DATA SRZEE(]’I)DSRZEE(ZDZ)QSRZEE(3’3)’SRZEE(4’4)
* i/ 145 9 «5 9 =e5 4 =145 /.

DATA ROOT3 / 1.732050808 /
COMMON/ IMUUMU/Z IMU{6) s UMU(6)

SINPHT& COSPHI SHOULD HAVE BEEN COMPUTED IN OUTER INfEGRAL'

" GBCTH=WH#*COSTH

GBSTH=WH#*SINTH
GBSTCP=GBSTH#COSPHI
GBSTSP=GRSTH#*SINPHI

GENERATE H MATRIX

DO .10 K=1s4
DO.10 L=1s4
H(KsL)=0

H(151)=1,5%GRCTH+D .

. H(242)=45*GRCTH=N
CH(353)=~¢5%*GRCTH=D
H(4s4)=-1,5 * GBCTH+D
H(1s3)=ROOT3%E .
H(2s4)=H(1s3) T e
H(152)=RO0T3/2, # CMPLX(GBSTCP:—GBSTSP)" R
H(2+3)=CMPLX(GBSTCP3»~GBSTSP)

H(3s4)=H(192)

H(2+1)=CONJG(H(1+2))

H(391)=H(1s3)

H(352)=CONJGIH(253))

H(452)=H(3s1)

H(453)=CONJG(H(34))

OBTAIN EIGENVALUES (W) AND EIGENVECTORS {ALPHA) .
CALL HERMQR (Hs4 %W sRALPHA » ATMALPH )
RALPHA = REAL OF ALPHA

ATMALPH = IMAGe. OF ALPHA - ' '
W = EIGENVALUES IN ALGEBRATCALLY DESCENDING ORDER

© DOT100 IL=144

SHAZAM,.
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SHAZAMQ
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oo 1oo JL=1s4

ALPHA(IL»JL)-CMPLX(RALPHA(ILoJL)vAIMALPHTIIoUL)1 T

100  CONTINUE

MUT=MU'
IMUT=TMU(MUT)
JMUT=JIMU (MUT)

SPLUS( JMUT » IMUT)
SMINUS ( JMUT s IMUT) -
SZEE(JMUTgIMUT) =

RETURN
END

COMPLEX FUNCTION STRANS(JM:IMoS)

COMPLEX. SUM
COMPLEX ALPHA

COMMON /ETGEN/ALPHA (494 ) oW (&) ™

DIMENSION S(454)
SUM=0 .
PO 10 K=1,4

DO 10 L=1+4

JMU = FINAL STATE

-T71-

= STRANS(JMUTs IMUTsSRPLUSY—~— = =~
= STRANS (JMUT » TMUT s SRMINUS )

STRANS(JMUT;YMUT}SRZEEF

SHAZAM.
SHAZAM,
T SHAZAM,
SHAZAM,

"“—*“—%“fi**“*“'*“”“*"*"”“”‘snszM.

SHAZAM,

" SHAZAM.
SHAZAM.
T""SHAZAM,.
SHAZAM,

" SHAZAM,
SHAZAM.
TTSHAZAM,
SHAZAM,

. SHAZAM.
T oo SHAZAM.

. ’ SHAZAM,

" SHAZAM,
SHAZAM,

SHAZAM.

SHAZAM. ™
SHAZAM.

U7 SHAZAM.

~SHAZAM: ™~

SHAZAM.

T T U SHAZAM.
SHAZAM.

— SHAZAM.

) SHAZAM.
e AT AMY
> SHAZAM.

T SHAZAM.
SHAZAM.

SHALZAM,
SHAZAM.

IMU = IN!TIAL STATF

CONTINUE
STRANS = SUM

RETURN
END -

FUNCTION' GPW (MU)

GPW = G{(W-WMU),DELTA) * P(MU,T) * WMU

SUM=SUM+ALPHA(L XM’*CONJG(ALPHA(K’JM)) *S(K,L)'

SHAZAMS'
SHAZAM,

T SHAZAMS

SHAZAM,

SHAZAM,

TTTSHAZAM.
SHAZAM,

TTSHAZAMS

- "SHAZAMe "~ T 7

SHAZAM.

SHAZAM.

S - SHAZAMS™ ~ ™"

SHAZAM.

TTTTTTTTTT SHAZAM,
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COMMON /PARAMS /H{ 1) 4EsDsT+OELTAsOMEGA
COMMON /PARAMS /WT s WH

COMPLEX ALPHA’
COMMON/EIGEN/ALPHA( 4 34) oW ( 4)
COMMON/ TMUJMU/Z TMU( 6) s JMU(6)

COMMON /PROB /P

I=IMU(MU)
J=JMU(MU)
WMU=W{J)=-W(T)
SUM=0

DO 10 L=1s4 _
10 SUM=SUM+EXP(-W(L) / WT )

P .= (EXP{-W(TI)/WT) =~ EXP(-W(J)/WT))/ SUM
CDELT = DELTA/ 1.1773

THIS MAKES GAUSSIAN HWHM = MEASURED HWHM - .
G = (EXP(-.5%( (OMEGA — WMU) / CDELTI*¥2 ) ) / CDELT

FACTOR OF (1,/CDELT) NORMALIZES G

N XN a3 N}

GPW=G * P * wMy . T T

N

RETURN
END. °

SUBROUTINE READATA
COMMON /PARAMS /H( 6)
COMMON 7 INPUT /HIN1(6)

DIMENSION KEYTAB(6) “m”"“'”“'""'fu"“"”'

DATA KEYTAB/1HH» IHE» IHD » LHT » SHDELTA/ .
DATA KEYTAB(6) / 4HPMIN/ .
COMMON/THLIMIT/LIMITS
DATA _LIMITS/0/
DATA ‘NRANGE/THOTOPI1/2/
Cc _
DO 100 K=116
5 CONTINUE
READ 900,KFY,VALUE
900 FORMAT(A10sF10,2)
q
C CHECK TO SEE IF FULL THETA INTERVAL 'FOR INTEGRATION.
C (0 TO PI/2) 1S TO BE USED.

c
IF{KEY NE.NRANGE} GO TO 25
LIMITS = 1 : '
GO-T0 5

25 CONTINUE

C
DO 20 J=1+6

c

SHAZAM,
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SHAZAM.
SHAZAM,.
SHAZAM,.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
MODS. 4
SHAZAM,

SHAZAM,

MODS.5

SHAZAM,
MODS. 6
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,

SHAZAM.

SHAZAM, .

SHAZ AM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,.
SHAZ AM.
SHAZAM.
SHAZAM,
SHAZAM.
"SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
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TO

a¥aNaXaNalkaleaNal

-T3-

IF(KEY +EQs KEYTAB(J)) GO TO 30
CONTINUE
PRINT. 901,KEY -

FORMAT(*l ERROR 'IN INPUT DECK KEYWORD # s A10)

CALL ABORT
HINYI(J)=VALUE
CONTINUE

DO 50 J=1+6
H(J)_HlNl(J)

CALCULATE H(KOE) FROM H({CURRENT)

' H13.48*H

RETURN "
END ¢

FUNCTION TABMAX(TABsNAsNBsINAyJINB)

FUNCTION TABMAX FINDS THE MAXIMUM OF A TABLEs TAB:

DIMENSION .(NAs NB)» AND RETURNS THE MAXIMUM VALUE AS :
TABMAX TOGETHER WITH ITS INDICES, IMBEDDED IN THE PARAMETER
STRING AS INA, INB. :

DIMENSION TAB(NA'I’
xMAx=1.Ef30

DO 10 1=1sNA
DO 10 J=1,NB

X=TAB(1sJ)
IF(XMAX+GE«X) GO TO -10
XMAX =X .

INA=T -

INB=J -

CONTINUE

TABMAX = XMAX

RETURN

END

SUBROUTINE EIGVCTR(TH»ITHsPHI s JPHI sMU)

SUBROUTINE EIGVCTR PRINTS OUT THE EIGENVALUES AND' -
RESPECTIVE EIGENVECTORS OF THE HAMILTONIAN TOGETHER © .
WITH THE VALUES OF THE PARAMETERS THETA(H) AND PHI(H). .

AVOID DUPLICATION IN THE COURSE OF HERMITs THE

CALLING PROGRAM, . THIS 15 ONLY DONE FOR MU = 6,

COMMON/RIEIGEN/ ETIGR(646)sEIGI(646)

OF'

SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
MODS. 7
MODS. 8
MODS .9
SHAZAM.

SHAZAM. ~

SHAZAM.

SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,.

SHAZAM, -

SHAZAM.
SHAZAM,
SHAZAM, -
SHAZAM.
SHAZAM. '
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.

SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM, .
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ENT
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GOC
GOD

GOE

1_7h_

COMMON /ETGEN/ALPHA (44 ) sW(4)

COMPLEX ALPHA

IF( MU «NE«. 6} RETURN
PRINT 90?2 :
FORMAT( /)

DO 100 KE=1+4

PRINT 901s ITHs JPHI»
» (EIGR(Js KE)s EIGII
FORMAT(41392FB449E15.4
CONTINUE

RETURN
END

KEs MUs THs PHIs W(KE)s
Jes KE)e Jz=194)
yBFB.4)

ASCENTF SUBROUTINE ITBLKP (TeLsV) =~

SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
. SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.

SHAZAM. -

SHAZAM.
SHAZAM.

SHAZAM,
SHAZAM.

) BINARY'SEARCH ee ITBLKP S.To'V(ITBLKP)'.LE.'T"}LT.'V?ITBLKP +1) SHAZAM.

V IS OF DIMENSION L e
BSSZ S

BSSZ 1

SA2 B2 o X2=L

sB4. 1 «Ba4=1=KL

SAl . Bl oX1=T T
'SB5 X2 TG BSEL=KH ot T
SA3 R3 «X33V{(1) )
X4  X1-X3 X4 = T=V(1)

NG X4 +GOD «GOD FOR T 4LTs VI(1)

SB83 B3-1 sR3=L0OCIV]~-1

SAS. X2+8B3 «X5=V{L)

IX4 X5-X1 oX4=VIL)-T )

NG X4 sGOE «GOE FOR T «GTe V(L)

S87 B5-R&4 eRB7=KH-KL :

sB7  B7-1 eB7=KH-KL-1
- NE - B0»B7,GOB

.SX6=. B4 . i

EQ.- = ROsBOSENT . eKH=KL+1 o+« DORE

SX&4 B4+R5

AX4 1 X&={KH+KL) /2 = J

SAS X4+4R3 «X5 = VIJ)

IX5 X1=-X5 «X5=T=VI(J)

PL X59+GOC «GOC FOR T4GEe. V(J)

SB5- X4 oKH = J

EQ . BO»B0,GOA A

S84 X4 . ’ VI(J) JLEe T

FQ - BOsB0sGOA KL=J

MX6S 0 o« T oLTe VI1)

EQ BOsBOSENT o ITBLKP=0

S$X6 X2 oT oGT4 VIL)

EQ ~ BOsRO,ENT

END

.ITBLKP = L

SHAZAM, -

‘'SHAZAM,
SHAZAM,
. SHAZAM,
SHAZAM,
SHAZAM,
SHAZAMO
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.

SHAZAM.

SHAZAM,
SHAZAM.
SHAZAM,.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
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STRT -

CONT

_75_

ASCENTF SUBROUTINE SORTV(NsX»Y)

'BSSZ
-RSSZ
SAS
585

- sB1

. SR6
S SAl.
SR4

" SA2
1X5
PL

- BX7

" BX6

- SA7

TBX2
SA6
SA3 .

. SA4

-~ BX7
‘BX6

" SA7
sBe
SA6

- BX1

- SR4

. NE.
NE

- EQ

5

1
Bl
=1
X5

RO
R2
B5

B2+B4
x2-X1
X5+ CONT
X1

X2

B4+R5

Rl1sB4ySTRT
86+80,8GN
80,80, X1T

WCUX2)=X(K) FOR K=2seoesN .

oX(K)=X(K=1})
+GT eae OK

«PERMUTE X AND YPAIRS

FUNCTION ASMPSN2(FsXAsXBsEPS,AREA)

RULE

ADAPTIVE SIMPSONS
NOVe 3 1966
DIMENSTON X(7515)2FX(7»15) »AESTI
DATA LMAX/15/
THREE=1s 3 FIRST=0
FIRST=1.

THREE=1,7

'ABOVE CAN BE REPLACED BY: THREE=3. AND FIRST=1l.

TOL=ABS(EPS)

LSMP3=100

RN

3415)DX(15)»TOLT15)5J(15)

SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,.
SHAZAM,.
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.
* SHAZAM.
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM.

SHAZAM,
SHAZAM,
SHAZAM.
SHAZAMe
SHAZAM.
SHAZAM.
.SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM. -
SHAZAM,.
SHAZAM.
SHAZAM.
SHAZAM.
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100

150

120

LSAVE=1.

DO 135 KJ=KAsKB

! SHAZAM.
Al=0 ‘ . — . _SHAZAM.
IF(EPS «LTe O ) AI=AREA : SHAZAM,
X{5)=XA $ KT =X B .. SHAZAM.
FX(5)=F{XA). $ FX(7)=F(X8) ' ‘SHAZAM,
X(6)={X{5)+X(T))/2 e SHAZAM.
FX(6)Y=4%*F{X(6)) SHAZAM,
DX=(X{T7)=X(5))/2 S L  SHAZaAM,
AEST{3)=DX*(FX(5)+FX(6)+FX(T))/3 ‘ SHAZAM,
- EST=AEST(3) +Al L S i SHAZAM.
SHAZAM,
ERRSUM=0"" i SHAZAM,
TOTSUM=EST T - T ) "SHAZAM.
L=1 e SHAZAM. -
J=3 ‘ SHAZAM.
: . . X = - SHAZAM,
BEGIN - ADAPTIVE PROCEDURE o SHAZAM,
INCREASE LEVEL 3 . SHAZAM.
o T T T SHAZAM,.
L1=L - SHAZAM.
LaL+]- _ T TSHAZAM.
LSAVE=MAXO(LSAVE,sL) . SHAZAM,
TOL(L)=TOL(L1)/THREE TTTSHAZAM, T
Ji=JL1) SHAZAM,.
DX{L)=DX{L1)/3 T SHAZAM,
o - : SHAZAM.
PUSH DOWN OLD COORDINATES SHAZEM. ™
- - SHAZAM.
S KJ=2%J1~-2 T TTTSHAZAMG
DO 110 KK=1,3 SHAZAM.,
KA=KJ+KK SHAZAM, ™
K=3#KK-2 SHAZAM,.
KL1=7%*L1 SHAZAM, ~
KL=KL 1+K - : : : SHAZAM.
(Ksl) = KL B ‘ , TTTSHAZAM,
. KLA2KL1-7+KA : SHAZAM,
(KAsL1)=KLA T o T SHAZAM,
X{KL)=X[{KLA) ‘ ' ’ SHAZAM,
FX{KLY=FX{KLA)} ) o SHAZAM,™
: , - SHAZAM,.
CALCULATE NEW COORDINATES o TTTT T U SHAZAM,S
DXL=DX (L} S - SHAZAM,
H=DXL/3" T SHAZAM.
JiLy=1. . SHAZAM,
. . - SHAZAM:
PO 120 KA=2,3 _ : : SHAZAM,
DO 120 K=KA»643 T LTI T T T T GHAZ AMe
KL=T*L1+4K s » o ) SHAZAM.
(Ksb) = KL ' T e - e et SHAZAMe
X(KL)Y=X{KL-1)+DXL o SHAZAM.
FX(KL)=FIX{KL))®(4=3¥MOD[K2) ) =~ = — 7 == -7 s oo eesom——mes s s SGEATAM
SHAZAM,
SUMK=0 ) SHAZAM.,
NO.130 K=1,+3 SHAZAM,
KA=2%#K-1 SHAZAM.
KB=KA+2 SHAZAM,
KL=3#[1+K SHAZAM,.
(KsL) = KL . SHAZAM.
AEST(KL}=0  SHAZAM.
SHAZAM,
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135 AEST (KL =AEST (KLY +FX(KJsL) _ B SHAZAM,

]

AESTIKL)=H*AEST(KL) . SHAZAM,.
130  SUMK=SUMK+AEST(KL) -~ . : o . SHAZAM,
c .. o - LS SHAZAM.
DSUMK=SUMK~-AEST (J1,L1) o IR - SHAZAM,
SUMK =SUMK+DSUMK /80 - A . S SHAZAM,
ABD=ABS (DSUMK) : o SHAZAM,
c RSO : L SHAZAM,
TOTSUM=TOTSUM+DSUMK + Al oL - , SHAZAM,
IF(ABS{ (SUMK+AT) * EPS} .GE. ABD (OR.TOL(L)}*TOTSUM GE. ABD) . SHAZAM,
* GO TO 200 Lo SHAZAM.
IF(L . +LTse LMAX) GO TO 100 e SHAZAM.
C ‘ e ' o IR ‘ SHAZAM.
C _ _HIT - BOTTOM OF TREE : AT SHAZAM,
C S . ' ' . o SHAZAM,.
C o . : . SHAZAM.
200 ERRSUM=FERRSUM+ABD _ . R SHAZAM,
o o : I SHAZAM.
205  AEST(J1sL1)=SUMK : _ _ _ S SHAZAM,
" IF(J1 «GE. 3 ) GO TO 210 S . SHAZAM.
J1=J1+1 . N SHAZAM.
Jiely=J41 ; _ P ‘ ~ SHAZAM,
_ GO. TO "150 . o P SHAZAM.
C o . : L . SHAZAM.
210 IF(L «LE..2) GO TO 220 S R " SHAZAM,.
L=L1 " ' ' S SHAZAM.
Li=L=1 v : Lo SHAZAM.
J1=J(L1) o - S S SHAZAM.
L13=3%L1+1 . : ; . o o SHAZAM.
. (15Ly=113 . ) ' . . o SHAZAM.
SUMK=AEST(L13)+AEST(L13+1)+AEST(L13+2) I L SHAZAM.
GO TO 205 , o L : SHAZAM.
C | : _ : S -~ SHAZAM.
220 AREA=AEST(3)+Al ‘ o SHAZAM.
ASMPSN2=MINO({LSMPS L SAVE} R : v SHAZAM,
IF (ABS(EPS*AREA) ,GE. ERRSUM/80,) RETURN T SHAZAM,
"IF{FIRST oNEs Os ) GO TO 300 S SHAZAM,
LSMPs=0 Lo . SHAZAM.
FIRST=1, : : : L T SHAZAM. -
"GO .TO 50 : S ' © SHAZAM.
C ¥ v : coon . SHAZAM.
300 ASMPSN=—-LMAX . o SHAZAM.
ASMPSN2=~1 MAX: . : SHAZAM,
RETURN . _ o SHAZAM.
END . » ' o SHAZAM.
FUNCTION ASMPSN(FsXAsXBsEPSsAREA) B SHAZAM,
C ADAPTIVE SIMPSONS RULE : - - _ SHAZAM,
C NOV,. 3, 1966 i : . A -  SHAZAM. -
C o ' ' e SHAZAM..
DIMENSION X(7915)sFX(7s15)+AEST(3+15)+DX(15)sTOL(15)9J(15) © SHAZAM.
: DATA LMAX/15/ SR SHAZAM.
c o : ‘ . ol "SHAZAM..
THREE=1s & FIRST=0 T S SHAZAM.
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THREE=147
FIRST=1.

ABOVE CAN BE REPLACED By THREE=3.

TOL=ABS (EPS)-

LSMPS=100

LSAVE=1

Al=0 - .

IF(EPS «LTs 0 ) AI=AREA
X(5)=XA $  X(7)=XB
FX(5)=F{XA) $ . FX(7)=F(XB)
X(6)=(X(5)+X(7))/2

FX{6)=4*F (X(6))
DX=(X{TY=X(5))/2
AEST(3)=DX*(FX(5)+FX{6)+FX(7))/3
EST=AEST(3) +Al

ERRSUM=0
TOTSUM=EST
L=1

J=3 _ ’
BEGIN ADAPTIVE PROCEDURE
INCREASE LEVEL

Li=L

LSAVE=MAXO(LSAVEsL)
TOL(L)—TOL(LI)/THREE
Jl=J(L1)
DX(L)=DX(L1}/3

PUSH_ DOWN OLD COORDINATES

KJ=2#J1-2

DO 110 KK=1,3
CKA=KJ+KK
K=3#KK=2
KL1=7%L1
KL=KL1+K -

- {KsL) = KL

KLAZKL 1=7+KA
(KAsL1)=KLA
X(KL)=X(KLA)
FX(KL)=FX(KLA)

CALCULATE NEW COORDINATES
DXL=nX(L)
H=DXL/3
JiL)y=1

DO 120 KA=243
DO 120 K=KAs6,3
KL=7#L1+K
(KoL) = KL
X(KL)=X(KL=-1)+DXL
FX(KL)-F(X(KL))*(Q 3*HOD(Kn2))

SUMK=0
DO 130 K=1,3

AND FIRST=1s

SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,
SHAZAM,

SHAZAM,.

SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
. SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM,

" SHAZAM.

SHAZAM,
SHAZAMo
SHAZAM.
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
‘SHAZAM,

SHAZAM,

- SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM.
SHAZAM,
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.FIRST=1,

_79_

KA=2%#K=-1
-KB=KA+2
KL=3%# 1+K
(Ksl) = KL

AEST{KL)=0

DO 135 KJ=KA+KB
AEST{KL)=AEST(KL)+FX(KJstL)
AEST(KL)=H*AEST(KL)
SUMK=SUMK+AEST (KL)

DSUMK=SUMK-AEST(J1,sL1)
SUMK=SUMK +DSUMK / 80
ABD=ABS (DSUMK ).

TOTSUM=TOTSUM + DSUMK + Al . : R
[F(ABS{ (SUMK+AT) % EPS) .GE. ABD +OR.TOL(L)#TOTSUM .GE+ ABD)
GO TO 200 : o : S

IF(L «LTe LMAX) GO TO 100

HIT BOTTOM OF . TREE

ERRSUM=ERRSUM+ARD

AEST(J1sL1)=5SUMK

IF{Jl. .GE. 3 } 60 TO 210
J1=J1+1

JL1Y =01

GO TO 150

IF(L «LE. 2) GO TO 220
L=b1 :

L1=L-1

J1=J(L1)

L13=3#L1+1

A1sLy=L13

SUMK=AEST(L13)+AEST(L13+1)+AEST(L13+2)
GO.T0 205

AREA=AEST(3)+Al

ASMPSN=MINO (LSMPSsLSAVE) ’ )
IF (ABS(EPS*AREA) .GEs ERRSUM/80.) RETURN
IF(FIRST .NE, O, ) GO TO 300 '
LSMP5=0 S

THREE=13,
GO TO 50

ASMPSN=~LMAX

RETURN
END'

SUBROUTINE HERMQR(AsNsTVECsE+21+22)

SHAZAM.
SHAZAM,.
SHAZAM,
SHAZAM,.
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,

© SHAZAM,
. SHAZAM.

SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,

"7 SHAZAM.

SHAZAM.

" SHAZAM.

SHAZAM.
SHAZAM.
SHAZAM.
SHAZAM,
SHAZAM.
SHAZAM.

‘SHAZAM,

SHAZAM,

‘SHAZAM,
" SHAZAM,

SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,

""SHAZAM,

SHAZAM.
SHAZAM,.
SHAZAM,
SHAZAM.
SHAZAM.

SHAZAM,
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DIMENSTON A(236+6) sE(6)921(696) 92

2(616) SHAZAM,
DIMENSION ALPHA(6),BETA(6) SHAZAM,
DIMENSION BB(7) SHAZAM,
© DIMENSION TAU(2,6) __SHAZAM.
C ETA = RELATIVE MACHINE PRECISION SHAZAM,
ETA = 2,%%(-48) e . _SHAZAM.
GAMMA=ETA##%2 SHAZAM,
CALL HHERM (AoNpGAMMAcTOLvBETA,ALPHA,TAU) SHAZAMe
BB(1)=060 . SHAZAM,
DO 2 I=1sN e e _ SHAZAM.
ECI)Y=ALPHA(I) SHAZAM,
2 BB{I+1)=RETA(1)#%2 . B _ SHAZAM, -
C INFINITY NORM OF TRIDIAGONAL MATRIX T T 7 SHAZAM,
'’ RNORM=0,0 B o SHAZAM,
DO 5 I=leyN . SHAZAM.
5 RNORM= MAX1F(RN0RM-SQRT(BB(l))+ABS(E(l))+SQRT(BB(I+1)))Amh_; SHAZAM,
DELTA=ETAXRNORM ’ SHAZAM,
EPS=NELTA#%2 _ S o SHAZAM,
C T T o T "7 T "SHAZAM.
C W.KAHAN AND J,VARAHs TWO WORKING ALGORITHMS FOR THE EIGENVALUES OF A SHAZAM,
C SYMMETRIC TRIDIAGONAL MATRIX: TECHNTtAL'REPURT‘NO“‘tSK?‘“IUGUST'11.“—“EWHZKM:'
C 1966+ COMP. SC.DEPT. STANFORD UNIVERSITY. - . . SHAZAM.
C : T TSHAZAM,.
K=N " ~ SHAZAM,
6 M=K . . T SHAZAMS
IF(M.,LE«0)GO TO 56 SHAZAM,
8 K=K-1 "~ SHAZAM: ™
_ IF(BB(K+1)«GE.EPS)GO 70 8 SHAZAM, -
C NEXT ’ T SHAZAM. ~
IF(KeNE«M-1)GO 70 13 SHAZAM,
BR({K+1)=0,0 - SHAZAM
GO TO 6 ‘SHAZAM.
C TWORY2 o SHAZAM, ™
13 T=E(M)-E (M- 1) - SHAZAM.
R=BB (M) ) T T SHAZAMG T
IF(KeGEeM-2)GO TO 22 . SHAZAM,
W=BB(M=-1) TThTTT SHAZAM, ~
C=T*#2 SHAZAM,
S=R/(C+W) T SHAZAM,.™
IF(S*(W+S#C) oGE.EPS)IGO TO 22 SHAZAM,
M=M-1. T SHAZAM, ~
BB(M+1)=0,0 SHAZAM,
GO TO 13 SHAZAM,
C END NEGLIGIBLE BB - SHAZAM.
22 IF(ABS(T).GE.DELTA)GO T0 25" T ’ SHAZAM,.
S=SQRT (R} s ‘ SHAZAM.
GO TO 28 T "SHAZAM,.
25 W=2.,0/T SHAZAM.
S=WHR/(SQRTIW%#2¥R+1,01¥1307 T USHAZAM,
28 IF(K.NE«M-2)GO TO 33 SHAZAM,
© E(M)=E(M)+5 e SHAZA
E(M=1)=E(M-1)-5 . SHAZAM,
BB(K+1)=0,0 T - T 7T 7T USHAZAM,
GO TO 6 : SHAZAM,
C DO A QR STEP ON ROWS AND COLUMNS K+T° THROUGHWW“““—i““*f”“—“""*“ 'SHAZAM,
33 SHIFT=E{M)+S : ' SHAZAM,
IF(ABS(T)+.GE.DELTA}GO TO 37 '~ T T SHRAZAM
WzE(M=-1})=5 : oo SHAZAM,
IF(ARS(W) dLToABSISHIFT ) ISHIFTaW ~ = === """ SHAZAM,
37 $=0.0 ' " SHAZAM,
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G=E(K+1)~SHIFT 0 ormomm ey SHAZAM,
C=1.0_ S SHAZAM,.
GO TO-45" T SHAZAM,.
C LOOP . o o SHAZAM.
40 CaP/T T SHAZAM.
SaW/T. SHAZAM,
wW=0 SHAZAM,
EX1=F(K+1) ' SHAZAM,
G=CH*(EK1-SHIFT)=-S*W o SHAZAM,
E(K)=(W=-G)+EK1 SHAZAM.
" C ENTRY - . : N - SHAZAM.
45 IF(ABS(G) GE.DELTA)GO TO 48 SHAZAM,
IF(G.GE+0,0)GO TO 47 SHAZAM,
G=G-C*DELTA SHAZAM.
GO TO 48 SHAZAM.
47 G=G+C*DELTA SHAZAM,
48 PzG#%#2/C SHAZAM.
K=K+1 .- SHAZAM.
W=BB(K+1) ) " SHAZAM.
T=W+P SHAZAM.
BB(K)=S*T T " SHAZAM.
50 IF{K,LTeM)GO .TO 40 SHAZAM.
E(K)=G+SHIFT - SHAZAM,
GO TO 6 SHAZAM.
C SORT - T - T SHAZAM
56 IF(NLEQ, 1)RETURN SHAZAM,
N1=N=1 T SRAZAMG
DO 70 I=1,sN1 SHAZAM,
T K=1 . T T SHAZAMe T
T=E(1) ’ . SHAZAM.
11=1+41. . S - SHAZAMG"
DO 62 J=I1sN . SHAZAM.
IFIE(J) «LELT)GO To 62 SHAZEM, =
T=E(Y) - . SHAZAM.
K=J : B " B - " SHAZAM.
62 CONTINUE SHAZAM.
IF(I.EQ«KIGO TO 70 T T e " SHAZAM,
E(K)=E(I) SHAZAM,
E(1)=T" - SHAZAM
70 CONTINUE SHAZAM.
IF{IVEC.EQ.0)RETURN T TTTSHAZAM,
CALL TRIDIN(ALPHAsBETAsNsEsRNORMsNsETAsZ1) SHAZAM.
DO 72 1Z2=1sN TTTTSHAZAMG
DO 72 JZ=1sN SHAZAM.
22(12+J21=0, “SHAZAM,™
72 CONTINUE SHAZAM,
CALL - REVERSE(BETAsA» TAUSN Ny GAMMA» TOL s 21221 TTTSHAZAM.
RETURN ) SHAZAM.
END ) SHAZAM.
SUBROUT INE TRIDIN(C.B,N,H’NORMoMI.MKCHEFEFZ)‘“““'“““““”“_”‘“‘““““’Sﬁuzwn:
SHAZAM.
c JoeHeWILKINSONs CALCULATION OF "THE~ EIGENVEtTURS‘UF'I‘SYMMETRYIT‘ T SHAZAM,
‘C TRIDIAGONAL MATRIX BY INVERSE ITERATION. NUMERISCHE MATHEMATIK b4y SHAZAM,
C.368-376 (1962) T 7T T SHAZAM.
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50

60

65
66
67

68

SHAZAM, .
INTEGER N,M1 T __SHAZAM. |
REAL NORM,MACHEPS SHAZAM.
DIMENSION C(6)sB(B)sW(E)IsZ(606) o ~ __SHAZAM,
REAL M(61sP(6)sQ{6)sRIE)sINT(6) SHAZAM,
REAL X(8) o ) SHAZAM.

o SHAZAM.
INTEGER 1+J i _ SHAZAM,
REAL BIsBI1sZ1+sL.AMBDAsUsSsVeHIEPSIETA SHAZAM.

C ~ - o SHAZAM.
LAMBDA=NORM : SHAZAM,.
EPS=MACHEPS*NORM SHAZAM,.

DO 90 J=1,M1 : Tt ‘SHAZAM.
LAMBDA=LAMBDA-EPS L e _SHAZAM.
IF(W(J)eLT«LAMBDA)YLAMBDA=W(J) SHAZAM.
U=C(1)~LAMBDA B i SHAZAM.
V=B(1)}" SHAZAM.
IF(V,EQ.0)V=EPS - o SHAZAM.
NMINUS1=N~-1 SHAZAM,

DO 60 I=1sNMINUS1 s SHAZAM.
BI=B(1l) SHAZAM,.
IF(B1+FQe0)RI=EPS o SHAZAM, -
BI1=R(1+1) ) T T o T SHAZAM.'
IF(BI1,EQ:0)BI1=EPS _ SHAZAM,
IF(ABS(BI).LT4ABS({U))GO TO 50 T T T SHAZAM,
M(T+1)=U/BI SHAZAM,
IF((M{I+1)+EQ.0)ANDJ (BT, LE EPS))M(I+1IiI SHAZAM,
P(1)=BI _ . SHAZAM,
Q(1)=C(I+1)-LAMBDA T SHAZAM,
R(I)=RT1 _ SHAZAMe
UsV=M{T+11%Q(1) - T - SHAZAM.
V==-M{I+1)*R(1) _ SHAZAM,
INT(1+1)=+1 - I SHAZAM. =
GO TO 60 SHAZAM,
M{1+1)=81/U ToTTTT T o N TSHAZAM.
Pl1)Y=U SHAZAM,
Q(1)y=V o T TSHAZAM,
R{(1)=0" SHAZAM.

U= C(I+1)—LAMBDA M{I+1)%y "~ T TTTTTTTTSHAZAMG T
v=R11 SHAZAM.
INT(T1+1)=-1 - TSHAZAMS”
CONTINUE : SHAZAM,
P(N)=U ' B T SHAZAMY
QINY=0 SHAZAM,.
R{N)=0 ’ : Tt T SHAZAM, ~
X{N+1)=0 SHAZAM.
X{N+2) =0, T TTUTTSHAZAMS U T
H=0 SHAZAM,
ETA=1.,0/N T - - TTTTTSHAZAME T T
DO 67 II=1sN" SHAZAM,
I=N-11+1 R T SHAZAMS T C
U=ETA-Q(I)*X(I+1)-R(T)*#X(1+2) : SHAZAM,
IF(P(I).NEL,O)GO TO 65 = " - T U TSHAZAM.
X(1)=U/EPS SHAZAM.

GO TO 66 e 'SHAZAM.
X(1)=U/P(1) SHAZAM,
H=H+ABS(X(1)) T et e SHAZAM.
CONTINUE SHAZAM.

DO 68 I=1sN - - SHAZAM.
X(1Y=X(1)/H ‘SHAZAM.
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80
81
82
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no. 75 I 29N
IFUINT(I),LE,O)GO TO 70
U=x(1-1)

X{I-1)=X(1)

X1V =U=M{T)*X(1~-1)

GO TO 75
X(T)=X(1)=M(T)*X(1- 1)
CONTINUE

H=0" -

DO 82 11=1sN

I'=N-11+1

U= X(I)-Q(I)*X(I+1)-R(I)*X(I+2)
IF(P({1).NE.O)GO TO 80
X(1)=U/EPS

GO TO 81 .

Xt1)au/PLT)

H=H+X{ 1) #%2

CONTINUE

H=SQRT.(H)

C STORE VECTORS AS COLUMNS

85
90

10
20

25
30

40
50

60

DO 85 1=1,N
Z(TsJ)=X{1)/H
CONTINUE
RETURN -

END. . -

SUSROUTINE HHERM (AvaGAMMA’TOL,BngTAU)

DIMENSION A(?y6o6)vB(6)’TAU(2,6)¢C(6)
INTEGER RsRML

NM1=N-1

TOL=00

DO 20 I=14N

DO 20 J=1,!

DO 20 L=1s2

ABVAL=ABS({A(LsIsJ})

F -{ARVAL-TOL) 20520,10

TOL = ABVAL

CONTINUE

DO 120 R=2,NM1

RM1=R=1

VR= TAU(lvR)—TAU(2¢R)‘TAU(2v1)'0.
DO 2% L=RyN

VR=VR+ A(1,L.RM1)**2+A(2.L.RM1)**2
CONTINUE ,
IF (VR-GAMMA®*TOL*%2) 120,120,30
IF{A(1sRsRM1)) 60540560

IF (A(2sRsRM1)) 60450560
A(19RsRM1}=SQRT(VR)

DELTA=VR

TAU(1s1)=-A(1sRyRM1)

GO TO 70

ROOT= soRT((A(1,R.RM1)**2+A«2,R.RM1)**2)*VR)
DELTA VR+RO0T

SHAZAM,.
SHAZAMn_
‘'SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM, -
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
_ SHAZAM,
SHAZAM,
SHAZAM,

SHAZAM,.

SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM,
SHAZAM.
SHAZAM, )
SHAZAM,
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70

80

90

100

110

120

130
140

150

160
170

180

RATIO VR/ROOT SHAZAM, .
rAu(1.1)-~RATIO*A(1.R.RM1)_A_“w“ e ___SHAZAM,
TAU(251)=RATIO®A(2,RsRM1) ~ ' SHAZAM,
A(1sRsRM1)=(RATIO+1)*A(1,RsRM1) ~ SHAZAM,
A(2sRsRML)=(RATTIO+1)*#A{2,RHRMIY " T T T "7 SHAZAM,
DO 90 J=RN ) . B SHAZAM.
TAU(1sJ)=A(1sJsRM1)/DELTA SHAZAM,
TAU{2sJ)=A(2,JsRM1)/DELTA ~ o _ SHAZAM,
C(J)=R(J)=0, "SHAZAM.
DO 80 L=R,sJ _ SHAZAM.
C(J)=c(J)+A(1,JoL)*A(lgLoRMl)-A(z.J;L)*A(Z,LoRMl) SHAZAM,
BlJ1=BlJ)+A(1sJsL)*A(2sLsRMI)+A(29JsL)%A(1sLsRML) .~ - SHAZAM,
CONTINUE o T Trmm m e e e - SHAZAM.
JPLUST=U+1 T SHAZAM.

- DO 90 L=JPLUS1sN _ SHAZAM,
IF{L «GT4 N) GO TO 90 SHAZAM,
ClUY=CLIV+AL 1oL s J)*A(LsLsRML)+A(2sL s J)*A(25LsRM1) SHAZAM,
B{J)=B(J)+A(1sLs JIRA(25LsRM1)-A(2sLsJ)*A(1sLsRM]) SHAZAM,
CONTINUE T o e e SHAZAM.
RHO=0. SHAZAM.
DO 100 L=RsN T T T e e T SHAZAM, T T
RHO= RHO+C(L)*TAU(1'L)+B(L)*TAU(2¢L) ’ o SHAZAM,
CONTINUE . , o T e T T SHAZAM.
DO 110 I=RsN ,  SHAZAM.
DO 110 J=R»1 - T T T T T T T e e SHAZAM.
X1=TAU(1s1)%#CIII+TAUL2,1)#B(J) : : g SHAZAM,
X2= TAU(Z.I)*C(J)-TAU(l.I)*B(J)”‘ T TTTUSHAZAMG T

Q1=C(I)~RHO*A{1,1sRM1) TR SHAZAM,
Q2=B(1)-RHO*A([2,1,RMI1) o S 1 1 1. V.4 Y. S
T1=Q1*TAU(1sJ)+Q2%TAU(2+J) _ BN _ SHAZAM,
T2=Q2*TAU(19J)-QI*TAUT2,JY ~ ~ =~~~ 7 m s e " SHAZAM. -
A(1sT9J)=Al1s1sJ)=X1=-T1 - SHAZAM,
Al2s19J)=Al25190)=X2=-T2 SHAZAME ~ "~
CONTINUE _ . SHAZAM,
TAUC1sR)=TAUI1s1) - T TTTTTTTTSHAZAM, T
TAU(2sR)=TAU(2s1) ' » : SHAZAM,.
CONTINUE . S e - - T S AT AM
DO 130 I=1,.N B SHAZAM.
Cl1)=A(1s1,T) oo T e SHAZAMS,
CONTINUE : : ) SHAZAM,.

IF (NM1) 150,150,140 ~ =~~~ e T TTSHAZAM,
TAUC1sN)=A(14NsNML} - . , g SHAZAM,.
TAUT2sN)==A(2sNyNM1) v - T T T T G HAZAMYTT
TAU(1s1)=1. SHAZAM,
TAU(251)=B(N}=0, =~~~ o - SHAZAM,
DO 180 I=2sN o R SHAZAM,
IM1=1~1 . I ' - " SHAZAMY "
BB=B(IMI)—SQRT(TAU(lol)*TAU(lvl)+TAU(2:I)*TAU(2¢I)) ‘ SHAZAM,
IF (BB)170,160,170 ~~—~ ~— 77 ' “TSHAZAMS T
TAU(1s1)=BB=1, SHAZAM,
TT1=TAU(1, 1) *TAU(1,IM1)-TAUT2,TI¥TAUTZSTMT “TTUSHAZAMG
TT2=TAU(1’I)*TAU(2’1M1)+TAU(2’I)*TAU(I IM1) - SHAZAM,.
TAU(1+1)=TT1/8BB B ) Tt SHAZAM.
TAU(2s1)=TT2/88 o SHAZAM,
CONTINUE T T T T T I s T e T T S HAZ A
RETURN ' S SHAZAM,
END S e T " SHAZAM,
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SUBROUTINE REVERSE(BnA.TAU’NoMloGAMMKoTOL.Zl¢ZZJ e SHAZAM.

DIMENSION B(6)9Al29656)9TAU(256)921(696)922(696) SHAZAM,
DIMENSION ALPHA(2+6) o SHAZAM.
INTEGER R,RM1 » ' K ' , SHAZAM.
DO 10 J=2,N S T o SHAZAM.
DO 10 K=1sM1 S SHAZAM.
P1=Z1(JsK)*TAU(L s ) +Z2{JsK)%#TAUL 2 J) ST SHAZAM,
P2=Z20 JsK)*TAUL19J)=Z1(JsK) #TAUL2+J) - SHAZAM,
Z10J4K)=P1 _ T T SHAZAM,
Z2(JsK)=P2 , C SHAZAM,
CONTINUE. _ ST T o ' " SHAZAM.
NMINUS2=N-2 . _ LA SHAZAM.
DO 60 MR=1sNMINUS2 . SHAZAM,
R=N-MR , L SHAZAM.
RMI=R~1 " . ) T T SHAZAM.
IF "(B(RM1)-GAMMAXTOL*%*2) 60-60’20 o SHAZAM.
DELTA=B(RM1)*SQRT(A(1,RoRM1)**2+A(2'R.RMTY*¥Z) ' SHAZAM,
DO 40 J=1sM1 : SHAZAM.
ALPHA(le)~ALPHA(2:J)=0. o “‘iﬁ S SHAZAM,
DO 30 K=RsN SHAZAM.
ALPHA(1sJ) = ALPHA(I-J)+A(1¢K-RMI)*ZITK?3T¢I(Z_K.RMIT*ZZTK“JT TUTTTT SHAZAM,
ALPHA(25J)=ALPHA(25J)=A(2+KsRM1)*¥21(KsJ)+A(14K,RML) *#Z2(KsJ) SHAZAM.
CONTINUE . ) SHAZAM,
ALPHA(15J)=ALPHA(1+J)/DELTA SRS - SHAZAM.
ALPHA(29J)=ALPHA(2+J) /DELTA 777777 T T SHAZAM,
CONT-INUE : _ SHAZAM.
DO 50 J=1,M1 T e R T T SHAZ AMe
DO 50 K=RsN SHAZAM.
Z1(KsJ)=Z1(KsJ)= Ar1.K-RMI)1KEPH1TT*UTIITZ‘K—RanfthHKnrin‘_‘“"‘“‘SHKZKM;
22(KsJ)=Z2(KyJ)~ A(loKaRMl)*ALPHA(Z.J)-A(Z;K,RMl)*ALPHA(lsJ) "SHAZAM,
CONTINUE ’ T 7T "SHAZAM.
CONTINUE _ : ‘ SHAZAM.
RETURN e — : T TTT T SHAZAMa

END . - o SHAZAM.
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JaXalaXaNa¥e!

N % ¥ kN [aNal

913

900

10

100

101

%
* w

200

Z_ THE INPUT PARAMETER DATA™

' CONTINUE . O

'-86f

* PROGRAM POST(INPUT¢QUTPUT»TAPEZQINPUT'TAPEééoUTPUT)“

DIMENSION OMEGAT(ZOO),VALUET(ZOO)
DIMENSION ICNT(6).0MEGA(2796)¢VALUE(27o6’
DIMENSION PARAMS(5)

COMMON/PRAMDTA/H(1|oEvD'T’DELTAoMUIN9OHEGAIN9VALUEIN"'""”"

DIMENSION HEADING(3) "

DATA HEADING/30H H - E 77D T__EELTA 7 T

"DATA ICNT/6%*1/
DATA OMEGA/0/sVALUE/O/
DIMENSION FOM(3)

READ (2,913) NPTS S ""**ff"i'*'"—"~“"-~

FORMAT (110}

READ (2+900) PARAMS
FORMAT(5F6.29!5;2E20 &)

ABOVE TO READ IN PARAMETERS

uﬁEAD IN NO, OF PTS TO BE USED TR~ INTERPULATTUN”"—“""“‘"”"'“”“'“““”W”“

NOW READ IN ALL CARDS AND JUST KEEP THOSE THAT MATCH

READ(2+900) (H{I)s1=198)

IFIH.EQs 0} GO TO 101 "~
CONTINUE

 IF(EQVCTR(HsPARAMS,5) "JNE. 0) GO TO 100
I0O=ICNT(MUIN) +1
TCNT(MUIN)=10

OMEGA (10sMUIN) = OMEGAIN

VALUE(T10sMUIN) = VALUEIN
CONTINUE

IF(EOF+2) 1011

CONTINUE . )

»ll**‘*l’}i*{}*l*iil***{}lii**{***l*

* R R R R KR E R ERF EHHEW TTTT‘—T—T_T—* "—'{_Tm—f“*—'—‘_
NOW SORT ALL VECTORS FOR EACH MU,

DO 200 MU=1s6

10=1CNT(MU)
IF(10 +EQe 1) GO TO 200

CALL SORTV(IO-1sOMEGA(2sMU)sVALUE(2sMU))
OMEGA (1 sMU)=OMEGA(2,MU) = 2., ¥DELTA
OMEGA( 1O+1sMU)=OMEGA(TOsMU) + 2.%*DELTA

VALUE(10+1sMUY=0
VALUE( 1sMU)=0

CONTINUE
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lil'**'l**l'{'{*'ili*ll*i*i*l-.,i*‘{l&{-*{**l;}
* % % i'* NSRRI R i L% IR B TR N I N N
C FORM SUMS OF ALL INTERPOLATED VALUES

- JoM= 0

DO 300 MUA=146

NA=TCNT (MUA) +1
CIF(NA JLE. 2) GO TO 300

:DO 400 N=1sNA
SUM=0
. JOM=JOM+1

‘DO 500 MUB=1,6

IT=ITBLKP(OMEGA{NsMUA) s ICNT(MUB)+19OMEGA(15MUB)) -

IF((IT «EQe 0) +ORs ((IT—1) «GE. 1CNT{MUB)}) ) GO TO 500
“IT=MAXO(1sIT-(NPTS-1)/2) ' I ‘
,Nox MINO(ICNT(MUB)+1—(NPTS 1) IT)

* : INTERPOLATE
.2CALL NTPO(OMEGA(N;MUA)sFOMoNPTSoOMEGA(NDX;ﬂUB)yVALUE(NDX’MUB))

i _'SUM—SUM+FOM BT
500“'CONTINUE

"VALUFT(JOM)-SUM
‘.'OMEGAT(JOM)-OMEGA(NyMUA)
400 - CONTINUE

300 CONTINUE

. EptT

PRINT 901 -
901 FORMAT (1H1)

* PRINT 912,HEADING
912" FORMAT (3A10)
_PRINT 900PARAMS

DO 600 MU=116
T0=1CNT(MU) +1
PRINT 910sMU : :
910 FORMAT( /7 5 10X ¥ MU =%12 , /)

IF(IO oLE. 2) GO TO 600 A
PRINT 911’(I!OMEGA(Y’MU)’VALUE(I’MU)’I IOIOI'
600 C ONT!NUE

911-,FORMAT(IOXyIlOsZEZO.h)
PRINT 901
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| CALL SORTV(JOMsOMEGAT s VALUET)

PRINT 911v(IoOMEGAT(l)’VALUET(I)QI loJOM)

******I******************l*l**l‘l**ll*

10
15

20

* k Kk Xk

ENT

GOA

GOB

sTOP.

END

FUNCTION EQVCTR(AsBsN) °
DIMENSTON A(1)sB(1)

' EQ=0

" DO 10 K=1.N
TF(A(K)

CONTINUE
EQVCTR =
RETURN

EQ=1,
GO 10 15
END

oNE. BI(K)

EQ

GO To 20

ASCENTF SUBROUTINE ITBLKP (TsLeV)

BINARY SEARCH
OF DIMENSION

R )

8582
BSSZ
SA2
- SB4
SA1
'sB5
SA3
IX4
NG
sB3
SAS5
1X4
NG
‘sB7
. $B87
- NE
.SX6=
EQ
SX4
AX4

5
1
R2

B7-1

' BOQR79GOB

B84
BOsBOSENT
R4+RS

1

ITBLKP SeTe VIITBLRP) oLEe T «lLTe V(ITBLKP +1)

vL'

e X2=L .
«B4=1=KL -
«X1=T o
oBS=L=KH .
«X3=V (1)

CeX& = T=V(1)

«GOD FOR T . o4LTe VI1)
«A3=L0C(V)~1

«X5=V(L)

oX4=V(LY=T T T T
«GOE FOR T 4GTe VIL)
oR7=KH~-KL o
eB7=KH-KL~1

 eKH=KL+1 ees DONE™ ™

oXa={KH+KL}) /2 =7J
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"SAS’ X4+82 XS = V(D) o
SIXS  X1=X5 . eX53T-V(J) N ,
PL  X5,60C . «GOC FOR T.GE. VI(J) T
['SB5  X& L. eKH = ) : '
. EQ  B0»B0+GOA T o
GOC . “SB4 X4 7 WVI(J) JLEe T
- _EQ BOsBO»GOA .. oKL=J T
GOD - . MX6. 0 - o T «LTe V(1)
. EQ  BOsBOSENT «1TBLKP=0 e
GOE ©SX6 X2 T T &GT, V(L)
7 EQ .- BOsBOSENT ' JITBLKP = L T
. END ' S
'ASCENTF SUBROUTINE SORTVI(NsXsY)
T BSSZ S
XIT ' 8SSZ 1
' . SA5 ' Bl
SB5 =1 - - -
sB1 x5
BGN' -~ SB6 BO
" SA1 B2 T
~ SB4 BS ’ .
STRT ‘ SA2 B2+B4 ¢ oCUX2)=X{K} FOR K=2..-.vN
DL IXs x2=X1 T OXTRYEXTR=TY =
: PL XSOCONT .GT.O.. OK )
BX7 X1 S
BX6 X2 ' .PERMUTE X AND YPAIRS
SAT A2 . s
BX2 X1
. SA6 A2-R5 - o o
SA3 B3+84
SA4 A3-R5
| BX7 X3
BX6 X4 - s
SAT A4
$B6 .BS o Tt
_ SA6 A3
CONT '* BX1 X2
SB4 B4+B5 . - T T -
NE' - BlsB4sSTRT
NE  B6+30+8GN L e -
. EQ  BOsROSXIT
END
ASCENTF SUBROUTINE NTPO(XXsFFsNsXsF)
-~ BSSZ 7  «LAGRANGIAN ‘TNTERPOLATION FOR FF AT’ XX

ENT ©  BSSZ 1 © WUSING N POINTS FROM ARRAYS-X AND F
o XBIJ706 1261



SA1 B3 !
MX6 O +INITIALIZE FF |
sB3 X1 eB3 HAS N o : '
SA2 B1 X2 HAS XX : . . .
GE BOsB3+ERR -
SX3 36418 j
586 80 . j
LX3 47 X3 HAS FLOATING POINT 1. ‘ ‘ .
o SAO 1 ' : , - E
~LP1 SA4 B5+B6 «FETCH F(I) ’ i
: SA5 B4+R6 +FETCH X(1)
BX7 X3 «INITIALIZE DENOMINATOR TO 1,
s87 BO : ‘ o
LP2 SA1 'B4+B7 SFETCH X(J) S ' 5
; FXO X5-X1 X1V = X{J) L |
FQ: B&6sBTIEND2 o : , , , _ ;
NXO X0 : |
FX1 X2~-X1 XX = X(J) i
FXT X7%X0 +DENOMINATOR MULTIPLIED BY X(1)y - XtJ}
_NXO X1 |
. FX4 X4%XO . JNUMERATOR MULTIPLIED BY' XX - X(J) ;
. END2 SBT AQ+B7 .INCREMENT COUNTER =~ . . !
o LT B7sB3sLP2 |
FX1 X&4/X7 i
SB6 AO+R6 : Co ST ;
FX0 X6+X1 «ACCUMULATE FF o o _ z
NX6 XO . e o e O
LT B6983sLP1 S S . o ' :
SA6 B2 «STORE FF . T )
EQ. BOsBOSENT : i E
ERR FX6 X6/X6 - 4ERROR RETURN IF N «LFe.0 ;
: SA6 B2 : '

EQ BOsB0SENT S ST S

- END
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vm C. Polycrystalline Absorption Coefficient for H'>>1
iﬁ;£his Appendix, we shall outline thé genéfai approach to the

éélculéfiéh}of.the magnetig—dipole.absofptibn éoéfficient ofba para-
magnetic‘iqn, déscribed.fy the spiﬁ Hamiltoniaﬁ'éfTEq. (2) in the ﬁext,
_ iﬁvthe{cége'H' = (guBH)/D>>l. We shall also e#ﬁiicitly caicﬁlate the
absorptidnvéoefficient forFS = 5/2. o
1. Mémhéd’ |

' .TﬁeJSPin Hamiltonian in Eq. (2) contains £WQ:fypes of terms,vZeeman
and ligaqd—field. It is writtén in a coordina£é ;y$tem'which diagonalizes
the axialzligand-field terﬁ, and which gives a:vélug of A = E/D £ 1/3.
Howeﬁer,"wﬁen H'>>1, the Zeeman term is fhe laigééf'in magnitude.  If
the spiﬁ Hdmiltonian is written in a cobrdinaté éystem which'diagénalizes
the Zeémanﬂtérm.(i.e.,_where gl]%) the off—diagéﬁai contributions to the
eigenvalue; and éigenstéﬁes, due to the ligandrfiéid terms, will be
second’ordér'in (l/H'), and méy be neglected. ' Thgvéigenstates are then

simply eigenstates of S, the projection of S76n.H, and simple expreésions

H?
for the7éigenvalﬁes can be oﬁtained from»the diagbhal terms of the new
Spin Hami;ﬁonian. Under these éonditions, the expression for o can be
analyticaliy evaluated, since the magnetic dipole transition pfobability
will bé a. constant for each tranéition, indepéﬁdenf of the orientation
of H ﬁitﬂtrespect to the ligand-field coordinate'system. The lineshape
can bé'ob?ained by converting the integrand iﬁ_Eg; (5), an.dQH, to agdv
by maﬁhemgtical ménipulations invblving a singlé‘integration and a
Jacobiaﬁ déterminant; We shéll first calculate thé diaéonal part of

the spin Hamiltonian in the new coordinate system for a general value

of the spin, S, and then outline the calculation of o for S = 5/2.



UCRL’—19651

F:Lnally, we shall 1nclude a computer program for calculatlng o for
/2, H  52.2 kOe, and spec1f1ed ‘values of D A and T.

2. Derivation of the Diagonal Terms of ¥

We first write the spin Hamiltonian as
2 2
g B x,-sy,] (c1)

H = gu_ HeS + D[s ,-S(s+1)/3] + E[S
where the coordinates {

field, such that A = E/D 1/3 ' We now define a new coordinate system -

{x,y,z}_, ‘such that H|[|Z, with -the orientation shown in the following

figure:

zv-v},refer to the proper axes of the ligand
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'Witﬁ these definitions, -
| .Sx' ;i{cbswco§¢?cdseéin¢siﬁw]S¥
o+ [cbswsin¢+cos6cos¢siﬁ¢]s&
+f[sin9sin¢]Sz
s, = [~sinycos¢-cosbsindcosy]s
A | o F (c2)
+ [—sinlpsin¢+co_secoscbco_szp]sy
+ [sineccsw]sz'.
Sz' = FSiHGSin¢]Sx + F—si?Qq§s¢]Sy
:[cose]SZ

Whén these expreésions are substituted int¢:Eq. (c1), a number of

2. 872,

‘terms ﬁill'result. There will be terms in the operators 5,5 8 -

pA
and S 2; as well as in the cross terms [S_ S +SES“], [s S +8 8 ], and
y = Xy yxrttx"z Tz°x

[SySZ+SéSy]. It is easy to show that the substitution of the ladder

‘operaﬁgré. |
.8, = (Sx+isy) - (c3)
s = (Sx—iSy)
»Aleads_to‘fhe relations
éxz.f %'(S+2fs+s‘+s-s4+s;?)_
| syz = f% (sz-S;S_-s_s+}s_2)
[5,5,+5,5,] =-§ (8_2f8+?). | Y(Ch)
[sxsz+szsx] = %-(s+sz+s_sz+§%§++szs_)
;sysz+szs = %'(S_SZ‘S+SZ+S;S;%?ZS+)' o
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2

It is clear from the properties'of‘the ladder'operators that only.Sz, SZ

5,5_ and 88 terms are diagonal in the new sysﬁeﬁ. These terms‘oﬁly
arise frbm the first set of operators mentioned;:.This obServatiqn)
considefabiy‘simplified'the algebra, and'subsfi£ﬁ£ion of ﬁhe"aﬁpropriate
termé of Egs. (C2) into Eq. (Cl) yields the diagonal terms of the spin

Hamiltonian, ., :
P diag

ﬂéiég = guﬁHSZ %'D[15sih?e(1-Xc?sgw)]szz -(¢5)
4 % Déingé[l—xcos2W][S+S;+S;S+] |
We notektﬁat there is,nO'dependenée'on:the éngl¢°¢ in Eq. (C5). This
is trﬁe;foi,the compléte.Hamiltonian,as well, and is dué_to the fact |
that 6nl& two angies are required;to specify_thg{gfientation of the
vectof_g,,fThus, only two angles can have physic§i significance in any
system,-aszlong as the relative orientation Of the twonystems has been ‘
broperiy.défiﬁed_in terms of Euler angles.

3. Derivation of the Form of a for-SQ; 5/2 v:

For a given value of S, we can easily canglafe the'eigenvalueé of

.. usi :
Ydiag us;ng the general formula
: : 1/2 - , '
= - + 1 1>
Sylmg> = [8(s+1) ~ m (m +1)177% [m 21 (c6)
where we have set h=1. Since the states of %ai&g'ére eigenstétes_of

SH = Sé,_the magnetic dipole transition probability derived.in Appendix B

S flia s 124 Liea s |2 2| '
wn - 32|<S+>nl * 2|<S—>n|' +A1<Sz>n| (c7)

only allows transitions between adjacent energy:levels. For s = 5/2,

the transitions giving rise to absorption (Amssﬁ:+1) occur at energies

given by>“4'
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1 I_z > l—3 > E = g‘ H—l&D+6DA(6 W)

L 2> -~ 1 = 8y 4D+6DA(0,

2': | | 35 v[..i > E, = gu H-'2b+'3b‘A(e ¥) |

- 5 2 »gB Y.

30 %2 I+ > o FyEet. o ()

) |+-2- > ]+§ > B, = g”BHf?]?f;PA(e’w)

5 |+§ > |+2 > E '.‘=.gp H+ﬁ1§'-6bA(6 'w)
whéreﬂtheiénguiar dependence is specified by _

A(6,) = sin“6(1-Acos2y) (c9)

and the'trénsition probability is propprtiona1 £o 1§S+>#l?. Similar
relatiohgfmay be obt@ined for any value of S.brAﬁ”lowbteﬁperatﬁres3 thé
féctbr fﬁ(T) will be largest for the transitioﬁ}ﬁél, and will rapidly
decreasg?ﬁith-ﬁ.

Wé;sﬂéll now COncentfate‘ané_single‘traéSitién, n. Assuming thét
the ,1iﬁ"eshépe function is given by A‘

S | p(v_vn) - G(v—vn)'.;  (ClO):'

the_éxpréssioﬁ for the powder average'absorptiéﬁﬂcoefficient for a single

transition, neglecting numerical factors, becomes -

a (v )= "fﬁr'./\’n |<s+>n| Pn(T} sind dedlpv (c11)
The intégrand can be written,: B ’ '
3 . i} 1 5 o :

- nan(vn)dQH S I<S+>n‘ [vn(G,W)Pn(gjw,T)‘31n6] aedy (clg)

where WeThave explicitly indicated the functionalfdependence of each
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term. Note that |<S+>n]2 does not depend on (Q,W)}: We now choose the’

pair (A,Wd as indepéndent'variables; rather thén'fe,w); We may then

reyrite Eq. (C12) as

o (8,9)ahay = = [<s,> |20y (8) B, (8,7) sino(a,9)] + HEWaray  (c13)

a(a,¥)
where
0w
. oA oA
‘gj(%}%; = N (c1k)
38  wl
EITR T |

is a Jacobian determinant. Note, from Egs. (C8), that v, end P ~depend
upon A élone. The polycrystalline absorption coéfficient EL(A) can

then be'dbtained from Eq. (c13) by integratingaover Y

a (4) da = ;}f[an(A,w>dA]-dw - (c15)
and the'relatidn between a;(A) and a;(vﬁ) is easily made  through the
relation of v and A given by Egs. (C8). It is easy to show that the

——

two "distribution functions" a
ing values.of A and V-

We can write the‘w—dependent part of Eq.'(Cl3)'as the distribution
functioh«f(A,W): v

£(A,0) = sind(a,y) 2$8a0)

0N ()

We then'use the definition of A, Eq. (C9) to obtain equations for 8(A,§),
¥(A,8) and sinB(A,P), and calculate the Jacobian.: After considerable

algebraic manipulation, Eq. (C15) can be rewritten

£(A,p) = {(l-kcos2W)[(l—AcosQw)—A]}—l/g (c16)

_n(A) and E;Yvn)'are equal at the correspond-
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We note;_as'usual, that only the first octant inf(e,w) is required to
obtain thelfull lineshape. In the preSent terms, then, the integral to

be calculated over Y is

: ./ e
T(a) =2 / [£(A,0)] av (c17)
0. ' - ' .

and thé"absorption coefficient will be given by. -

_ = T
= <g >
an(A) vn(A)an(A,T) £(a) [?s+ nl. o (c;s)
Although the nominal integration limits on'y are now (0,7/2), the
changefof variable used has introduced a constraint which limits the

actual range of Y for a given A. This can be‘seeh'by rewriting Eq. (C9)'

as -

- A o :
sin 6 = m o A (c19)

.Since'bggiﬁgesl, this relation places limits on y. Since |A| < 1/3,
(l—Acésé¢5.2 2/3 for all values of Y, so the lower limit on sin26 merely
requifés:A;O. .The upper limit, hOWe§ef, fixes. the possible range of V.

There are two cases, D>0 and D<0. If D>0;X>6§'if D<0, A<0." In
either;éase,\the full range of A can be éeen tolbéf
) 0<A <1+ |A]  : {_],

The appfopriate range ofbw for any A in this raﬁée canvbe seen by plotting

(l—A0052¢) as a function of Y for the twb pbssible signs of A:

1+|2]

1+| 2]

1

1-[A] | o
A>0 A <0

e oy - — -

. /2
min max

<
< p—— - -

m/2
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Using?Eq;ﬁ(Cl9) the condition sin 651 can be rewrltten

(1-Acos2p) 2 A . . (ceo0)

Therefore, for a given A, as indicated on the. graphs, the condition (C20)

establlshes a lower llmlt wmi on Y for A0, and an upper limit w for
A<0. These limits are both given by
| 1 1A, o
wmin,max = 5 arc cos [ K (921)

and only hold for l—IXI <A<+ A For A < i.— [A], the integration

range is the whole interval;
With these conditions in mind, the evaluation[of the integral in
Eq. (Cl7)Ais straightforward and exceedingly tedibus.. Thevintegrand,
given by'Eq} (C16) can be transformed te a standard form for elliptic
integfale7by the variable subsfitution
x = tany

With this substituﬁion, the integral can be reduced po the forms

A dx Cpor | M0 " 0<Ag1-A
S 1GEe?) PPt A< - o<A<i-|A]

[’ dx% ‘ SO |
/ [P (B?)) /B Tor 0 - A <hsis )
v B

and

b i v f - :_i S
/ prrareacC
e} : . -

where a and b are functions of A and A. These integrals are related to

the completevelliptic_ihtegrals‘of the first kind (see P. F. Byrd and

M. D. Ffiedman, Handbook of Elliptic Integrals fer Engineers and Physicists,

(Springer Verlag, Berlin, l95h»-
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.Altﬁough the limits and integral formé depgﬁa upon the sign of A, the
’resultszdé éot, The.general_result, fér‘any sign,of'k, and therefore of -

D, can be written S
7 - K(k)

“.é_O$A§1—|X|- | £(A) =-n[(14lxl)(lf|A|—A)]l/2
P
_énd  'g‘f' | . o | 1;5;  _(ceé)
1) |sasi+ A - T ;[—;—i—ﬁ?/—z—
where K2 =_(lf[*1;fi$£ll-A)

‘where Kkk)_is the complete eliipti¢ integral of.fhe first kind.
The:fhﬁction T(A) varies between an awningiénd'a_circus_tent in
shape angX| varies from 0 to 1/3. At the two Ariimits, 0 and 1+|A], it

is non4£ef§, and rises to a sharp peak at A = if|X|¢ ‘Examples of T(A)
for seVéfél‘values of_}kl are plottéd in Fig._Ci;i'.. |
| Eq;y(Cl8) can now be explicitly evaluated ?o£’each A, and we can
write - K | |
v = vy pov (AT F(aly) ) Tss,, P (c23)
The'abéérpfion coefficientsvfor.each n, éalcuiatéd'from this equation,
can be>gréphically added to obtéin fhe total EKQ);T

b, Calculatlon of a for S=5/2, H=52.2 kOe

We have written a computer program for the IBM 1620 cqmputer to
calculate a (v ) for each transition. The program,.called LINESHAPES,
is llsted 1mmed1ately following this section.’;fﬁ§ input paraﬁeters are
D, lAl;vqnd T. The resultsvfor each transitiqﬁ @re printed, and can be
graphicéily added. An example of the results-fbr‘fwo values of D and

]A| has been plotted in Fig. 6.
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' DIMENSION AK(101)

: CALCULATE DELTA INTERVAL

- DMAX

DI2 = ALAMT / 20.

CEAl

~-100~

PROGRAM LINESHAPES. . ST

v PROGRAM LINESHAPES CALCULATES THE 'BARE POWDER "AVERAGE LINESHAPE ™ -

IN THE HIGH FIELD LIMIT FOR S = 5/2 FOR A SPECIFIED ABS(LAMBDA)r

© " Ds AND Te THE APPLIED FIELD IS ASSUMED TO BET52.2 KOE.

- READ IN A TABLE OF THE COMPLETE ELLIPTIC IMTECRAE‘OEITHE“EIEST

'KIND’ AK(K®%D ),

READ 509 (AK(I),s I=1,101)
"FORMAT({10F 7,2}

. READ PARAMETERS

READ 51» ALAM , S
'FORMAT (1F543) ' -
_READ 525 D :

. FORMAT(1F643)
READ 51s T

PRINT 8 v A : . e -
FORMAT (1H1}

_PRINT 53 -
FORMAT {5X s 45SHABSORPTION L INESHAPES FI(ED)

FOR H

= 5242 KOE)

PRINT 543 Ds ALAMs T

FORMAT(/5Xs4HD = F7 3//5X’9HLAMBDA = F5e 3//(5X-4HT 2 F6 N

ALAM + 1, -

un

DMID ls - ALAM o T
DI1 = DMID / 20, o
ALAMT = 2, * ALAM

:CALCULATE KT IN CM##-}

AKT = 04695 # T

PRINT 55 o T

AFORMAT(///8X'2HE1'8X96HF1(E1)'8XO2HEZ’8X!6HF2(EZ)98X02HF3'10X
192HE4»8Xs6HF4(E4) 98X 9 2HES s BXs 6HFSTEST /771

THIS LOOP CALCULATES THE ABSORPTION COEFFICIENT FOR ALL

: TRANSITIONS FOR DELTA IN THE RANGE 0 TO“TT_MABSIEAMEUATT“__"”‘"“N"'

DO 1 N = 1,20

AN = N - 1
DELTA = AN * DIl

'CALCULATE TRANSITION FREQUENCIES

= 44874 — 4o%D + G64%DHDELTA
EA2 = 4874 — 2.%D + 3,#D#DELTA
EA3 = 4,874 S
EAG =. 6,874 4 2,%D ~ 3, #p¥DELTR 77T

XBL 706-1263
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[a¥NaXa]

[aNaKa! [aNaXa}

N O

[a¥a¥a)

 EA5 =

-101--

44874 + G44%D — 6,%D%*DELTA

 WA2 = EAl
WA3 = WA2
-WA4 = WA3
WAS = WAL
WA6 = WAS
VﬂcA;cuLATE
SUMA = 1,

.CALCULATE ETGENVALUES

+
+
+
+

EA2
EA3
EAL4
FAS

DENOMINATOR OF PINsT)

+

j EXPF(-WA2/AKT) + EXPF( ~WA3/AKT) +}EXPF(—wA4/AKT)
1+ EXPF(=WAS/AKT) + EXPF(-WA6/AKT) S

CALCULATE Ke%2

BKS =

. BKS =

LBKS
:MBKS
PRKS
DIFK

W u # u

(ALAMT*DELTA)/(DMID*(DMAX DELTA))

INTERPOLATE TO FIND AK(K¥¥2)

(100e * BKS) + 14

BKS

LBKS + 1 - ‘

LBKS' , o

©D AK(MBKS) = AK(LRKS) '

. EIK = AK(LBKS) + DIFK # (BKS - PBKS)Y 7

'jFIK IS AK(K*#2)

HaNakal

[aNaKe!

[aXaXa!

100~

EIK =

EIK * 0.0001

_ TARGA 1S MULTIPLICATIVE FACTOR FOR THIS REGION OF DELTA

TARGA =

1./(3.14159*SQRTF(DMID*(DHAX-DELTﬁWlJ‘f‘"’

PATN IS P(N5T)

PAT1 = (1., - EXPF(-WA2/AKT)}/SUMA
PAT2 = (EXPF(-WA2/AKT) - EXPF(-WA3/AKT))/SUMA
PAT3 = (EXPF(-WA3/AKT) = EXPF(-WA&4/AKT))/SUMA -
PAT4 = (EXPF(=WA4/AKT) — EXPF(-WA5/AKT))/SUMA -
PAT5 = (EXPF(~WAS5/AKT) — EXPF{-WA6/AKT))/SUMA.
"FEAN IS ALPHA(N, EAN)
_FEA1 = 0,555 * EAl * PAT1 # TARGA * EIK
"FEA2 = 0.888 * EA2 * PAT2 * TARGA * EIK
FEA3 = EA3 * PAT3 »
. FEA4 = 0.888 * EA4 * PAT4 * TARGA * EIK
[FEA5 = 04555 * EA5 * PATS * TARGA * EIK
PRINT
PRINT 100, EA1.FEA1.EAz,FEAz.FEA3.EA4,FEA4.EA5.FEA5'

FORMAT(/IX,9F12 4)
CONTINUF

,.THIS LOOP CALCULATES THE ABSORPTION COEFFICIENT FOR DELTA IN-THE

XBL 706-1264
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15708
16124

16596
17139
17775
18541
19496
20754
22572
25781

RANGE 1 - ABS(LAMBDA)

DO .2 M

w82
WB3.
WB4
w85
W86
SUMB " =

[T T N N T N T I PO [ S [ B 1}

1+ EXPF{-WB5/AKT)

CKS =
CKS =
LCKS
MCKS-
PCKS:
DIRK’
ORK

+

‘WB3 +

WB4 + EB4
+

Wou.hon

= 1920
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TO 1 + ABS(LAMBDA),

= DMID + AM # DI2

44874 - 4Lo*D + 64*D¥GELTA B T

44874 = 2.%D + 3, AD¥GELTA

44874

464874 4+ 24%D — 3,%D*GELTA .

44874 + &
ER1 ,
WB2 + EB2
EB3

wB5 EB5

le + EXPF(—NBZ/AKT) + EXPF(-WBB/ﬁKT?“?’EXﬂFT'WB@?ﬁKTI T
+ EXPF(~-WB6/AKT)

o¥D — 64¥D*GELTA T

(DMID*(DMAx—GELYA)1/rALAMT*GELTni~~~—~%4fj—w4*——~— e
KS) .+ 1s - o -

{100, # C
CKS
LCKS + 1
LCKS
AK (MCKS)

- AK(LCKS)

ORK = ORK # 00,0001

= AK(LCKS) + DIRK #* {CKS < PTKS] e

1o/713414159*SQRTF(AUAMT*GECTATT

(ls ~ EXPF(-WB2/AKT))/SUMB

(EXPF(~WB2/AKT) "= EXPF (<WB37AKTYT7SUMB:
(EXPF(~WB3/AKT)
(EXPF(-WB&4/AKT)"
(EXPF{-WB5/AKT).

EXPF(—WBQIAKT))/SUMB,

- EXPF(-WB6/AKT))/SUMB .

= EXPFI=WBS/AKTYY7SUMB~———— —— — T o

0.555 # EB1 ®* PBT1 ¥ TARGB ¥ URK
0.888 * EB2 * PBTZ * TARGB * ORK

T3

0.888 * EB4 * PBT4 % TARGB #* ORK

0.555 * EBS * PBTS *'TKRGB’?‘ORK““_—”’~‘"—‘“_f_m“"f“"““'

100, EBl9FEBIoEBZyFEBZ’FEBBoEB4oFEBQvEBB,FEBS

TARGB =

PBTL =

PBT2 =

PBT3 =

PBT4 =

PBTS5 =

FEB1 =

FEB2 =

FEB3 = EB3 * PB

FEB4 =

FEBS =

PRINT
CONTINUE

‘CALL-EXIT

END '
15747 15787
16169 16214
16647 16698
17198 17258
17845 17916
18626 18714
©19605 19718
20904 21059
22805 23052

26278

99999

26836

15828
16260
16751
17319

17989

18804

19834

21221
23314

27471

158697 ISY10 15952 15994 " T6037 16080~ """

16306 16353 16400 16448 16497 16546

16804 "16B57 - 18912 16967 17024 17081
17381 17444 17508 17573 17639 17706

18063 18139 18216 18295 " 1B375 " 18457

18895 18989 19085 19184 19285 19398

21390 21565 21748 21940 22140 22351

23593723890 24209 24553 2492625333
28208 29083 30161 31559 33541 36956

199537720076 20203~ 2033% 20469 20609

T XBL 706-1265
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D. ;Magﬁetic Torqué for a Paramagnetic Ion in an Axial Ligand Field

'inbﬁhis appendix;‘we shall derive the gehéfal equatibn for the
magnetinﬁorque'on a paramagnetic ion in an a%i;i 1igandvfield and an
exterhél magnétic field. We'shali also give gubrief calculation of
the térQﬁé per unit volume for two SPecifiC'céées¥where the ion has

spin S = 3/2.

1. Derivation of the Expreséion for the Magnetié Torque

We consider an ion described by.the modified form of the spin
Hamiltonian
¥ = guH+s + D[s°-s(s5+1)/3] (D1)
where.the form and definitions are the same as'those given for Eq. (2)
with théféxception that we have assumed a strictly axial field, and
thus E=0. The torque per unit volume, T, is given by

T=MxH . . (D2)

where M is the‘magnetic.moment'per unit volumg.v For N ions per unit

' volume, M is defined as

M

~

N> (p3)

‘where <p> is the magnetic moment per ion. W§ may'also define

whereQx'is the susceptibility tensor. - We may relate T to the

X

~
~

principal values of X by observing that, in the system in which the

Spin_Hami;tonian is written, X is diagonal, so 'Xx# = X&y = Xi, and

~

Xzz = &I”' If we choose H to lie ih the x-y plane at an angle 8 to the .

z-axis,
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M=xHs= lesine éX + &'Hcésg_éi ' (D5)

where éx'and éz are unit vectors in the x- and z- directions respectively.

If we now substitute the expression for M, Eg. (D5), inmto Eq. (D2), the

result is
T =MXxH= [} Hgsinecose - X H2éiﬁ6cose] e
~ i~ ~ ﬁl 1 ) - Yy
or
1, 2 . Al -
T=3 (x“—xi) Hsin26 & o (D6)

We'may-OBserve the following:
(1) If D=0, ¥ = X » and || = 0..
(ii) If 6=0 or m/2, |t| = O.
(1ii) . The maximum torque occurs for 6 = m/k,
Now, in order to calculate T, we need_only calcu1ate X and X .

~
Bl

Since X is diagonal, Eq. (D3) and Eq. (D4) imply that
N<p, > = > =y H '
New > = x B and N> =y H o7)

Therefofe, we need only calculate the quantities-<ux> for H=H§x and
. < > = ”~ . . .
uz fgr § HeZ in order to thaln &' and Xt | . |
At a temperature T, the thermal average value of <u> for ions in
thermal equilibrium with the lattice is_given'ﬁyf
L u, exp(-E_/kT) .

_ § =8 '
§E> g o e | - (p8)

where the sum is over all electronic states sgof energy Es' The

!
I
i
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vcorreSpqﬁding equations for <y, > and <U"> folloy;éi}ectly._ For ions
: describediﬁy Eq. (Dl} at low temperatures, theféumineed only include
the sﬁéfe%”in the ground multiplet. o

Tﬁéléglculation of fﬂ"> is simple, since'ﬁﬂéfstates_are eigenstates

of Sz'with magnetic moments W given by

'Es = _gyB.ms €y   11' | | (09)

where.uéAis the Bohr magneton, and m ié the'éigehvalue of SZ for the

state-s.’JThe energies Es are similarly given by:_

Es = guB.H.mS + D[mS -S(Sfl)/s] (DlO)

However, for a perpendicular field H=H8x, thefsituétion,is élightly
more cbmplicafed, due to the admixture of states discussed in Section II.
We need1t§ calculate the qﬁantity

' = .o , 5" '
s Y lang 8, v > S (D11)

where <Ws|_is the eigenfunction of the spin Hémiltonian for state s.
Howevér;GWe note that

E <ws|ﬂ1ws>

)

. ‘» 2 (-14
= <wslguB st'ws> + <wSlD[Sz —S(S+l)/3]lws>- o (p12)
= -Hi - T34 D<\ps|sZ |¢S>.
X ST T
Therefofé_ _ : : :
1§  DS(s+l R |
e s )
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.If'ﬁeihave ﬁhe.égpansion of <wsl in terms of éigénétates-of Sz, obtained
from diagonélizing the.spin Hamiltonian the caléﬁiatioﬁ of <w,1S 2]¢'>
‘is simple. Since we- shall have to dlagonallze the spin Hamlltonlan to
obtain‘Es; this is a useful_fqrm for u . We note that Eq. (D13) also
gives Eq;_(DQ) if §=Héz‘ and Eq. (Dlo) fs used to’ obtaln the value of

E . Wevalso note that the équations in this section involve’no |

approx1matlons, and that in general no approx1matlons may be made in

the calculatlon of T for the compounds dlscussed in thls the51s

2. Calculatlon of T for S=3/2

We‘shali ‘now briefly outllne the calculatloﬁhof T for two specific
cases. w1th 8=3/2. For this spin value, the expansion of the elgenvectors
in terms of eigenstates of S can be obtained from the 1ntegratlon
tables prlnted out by the program SHAZAM, dlscussed in Appendlx B. If
the elggnstgte B of_SZ with elgenvalue_mB is reprgsented by ImB> the

expansion is

> = ) : '
|q»s -z asslme}_, | o (D1k)
where the coefficients of ®.g must be calculated for H1l £. 1In
particuiar,.
1. 1 , 1 i
. > = 25> 4. => -=> - =
'st %51 I o s2 |2 T 953 l 27+ G ' 2~ (DlS)A
and the -evaluation of <wSlSZ |ws> is simply
2 9 2 2 1 2 2
> = d
V1o 2l = F ey + 1o 123+ oyl + o) a6)
a. ‘Césé 1

-1

We choose the specific case D=+7.58 cm —, T=L4.2°K, and H=52.2 kOe,
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which ‘i.s:'a;pproﬁriate to our measurements for the -c‘ompound

((02H5)2N082)2 Fe(III) Br. Some useful values are.

k(T=b.2°K) = 2.919 cm
and
' =1
up(E=52.2k0e) = 2.4370 cm
with these values and the information obtained from SHAZAM, the

ca.lculat'ed_ 'Val‘ues of <u" > and - <ul> are

<}_1" ,>

. +0.T7h62 Mg N

<y, > +2.280k4 Mg

where Wé.haye used Egqs. (D8), (D9) anfi (D13). - ‘_';{_e_ f;ote that <y > > <uy>-
This result is due to the fact that the magnetic moment is largely due
to the.vs:ta”ces originating in the ground double.ﬂ"’;‘,v b'é‘c;a.use the zero field
sPlittingb‘is la.rge. However, thé ground doublet._‘ has g =~ h; 8| ~2,
indicatiné that <ul> > <u">, as found. . |

Using Eqs. (D7), we may calculate x, and le:

=

N _N
X THEW? X =F W

Then Eq(D6) becomes
= === (<, > - <y, > i e
1 > ( Hy My ) vH51n26 .Iey
e 21 . 3 . . . .
and substitution of the value N=2.33 x 10 ions/em™, which is obtained
from x—ra&'crystallographic data for the bis Fe(III) dithiocarbamates,
gives |
)

T-= -(8.65 x 10”) sin 268y
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where .the. units are dyne-cm/cm3. Note that this_torque.tends‘tov
rotate fhe crystallite toward H1l 2.

b. CaseAé

For D=2;35 cm_l, T=h.2°K; and H=52.2 kOe, a-similar calculation
yields: i
<y > = +2.8631 UB.i, 
< > = +2.038L ”B{ fﬂ.

We hote_that‘in thié case, <u”> is more ﬁearlyhequgl to.<pl>. Although
considgrafion of the ground coublet alone (%If; 6;;51;! 0) would imply.
<u"> >}:<pL>, the Yalue of D chosen.is small éﬁoQgh 50 ﬁhat ail of the

states ﬁust be included.  This caiculation isJéppfofriate to the

compound ( (i-CH,), NCS,), Fe(ITI) C1.  In thig'Cgse
T = +(4.67 x 10°) siﬁ28"€y

with the same units; This torque tends.tblrotéfevthe crystallite
toWard}g;Hgﬁ.' | |
Theééfcaléulations serve to illustrate two?i@portant‘points:
(1) If D>0, the torque tends to rotate thévéfyStallite toward
| ,g L 2; if D<0, the tqfque tends to rotate the crystallite
“toward HI 2. ".  |
(ii) If |D| is such that.IDl/kT’S 1, the;ﬁbeQe becomes small.
HOWever;ffhe calCuiated torque in both cases iSEQUite large, and is
certainl&.éufficient'to prodUCe substantial oriénfétion in a

polycrystalline saméle.'

-
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E. StabiliZation.of:ayAe-State for Fe(III) in bis-Fe(III) Dithiocarbamates

In‘this appendix, we shall give a brief plsusibility argument for

2 ion hA state in C .'symmetry, with the

the stabilization of a d »

‘specific application of the comments to Fe(III)Q1n3the bis Fe(III)
dithiocarbémates. The approach will be . to examlne the effects of
succe551ve reductlons of symmetry from O to C on the dl levels, and

5

then to populate these levels w1th five electrons to obtain the da” state.
We W1ll use the notatlon and character tables glven by T1nkham3, and the

representatlon multlpllcatlon table given in G F Koster J. 0, Dimmock,

‘R. G. Wheeler, and H, Statz, Properties of the Thlrty-two Point Groups_
(M.I. T Press, Cambrldge, l963)

We.shall consider the spe01f1c reduction R

D,=0, =D 0y s

where we have denoted the full rotatlon group for 2—2 (approprlate to

:d ) by D In terms of the bis- Fe(III) dlthlocarbamates this reductlon

2"
sequence corresponds to the changes in the- 1ron env1ronment shown in
Fig. El “We consider the iron to lie at the orlgln of the coordinate
systemlshown in each case. The symmetry O corresponds to an octahedron
of sulfurfstons.surrounding.the iron site. The reduction to th’is
accomnllshed by replacing two sulfur atoms With'hslogen atoms, ss shown.
Twokchsnges can be made in lowering_the symmetrjlto Chv: ‘one of the
halogen stoms is removed, and the.iron site-(theiorigin) lskmoued out of
the plane of sulfur atoms to the approx1mate centr01d of the square

pyramld formed by ‘the llgands. Finally, in the'reductlon to C2v symmetry,

the coordlnate axes are rotated 45° as shown (in order to correspond to
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the def;nifions of the obérators of this group);'?he square formed_ﬁy the
sulfur;étdhs:is distortedvtoaa rectangle with thé iQnger-dimension in
the x—diré?tioh, and additional ligandé'are adde@;ih thé xz-plane as
shown. | \

The,effecf of these changes on the at orbitals is schematically
indicaﬁéd in Fig. E2. Thelsplitting of states én}a reduction of
symmetf&.is found by decbmpbéing the irreducibie £epresentations of the
hlgher—symmetry group into those of the lower- symmetry group u51ng the
character tables glven by Tlnkham Some care is requlred to determine
the cqrresandlng symmetry operators in the twoigfoups, especially in
the last r¢dgction which is accompanied by a chaﬁgé of axes. (The
general_@éthod is described by Tinkham.} Howe&ef;_the magnitude of the
energy.spiittings and the order of the split stgtgs in energy must be
obtainea b& arguments based upon the specific.cﬁanges in the iron
enviropméhf outlined above. Wé.shall discusshtﬁesé effects for each
reduction in the following sections.

1. D2'-~Oh,

The effects of this reduction are well-known. The decomposition is

D, = Eg + ng B (E1)

where thevohvrepreséntations Eg and T2g givebreépéétiVely doubly- and

triply-degenerate states with the basis functions
E: a a

CH T S

T, : 4 ,d. ,d4
yz’ “xz
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Since theflbbes of the Eg basis functionS'point,tgward the ligands, the

‘energy of this state is higher than that of thészé state, where the

-lobes p¢ipﬁ between the ligands.  The energy separation, ¢ommonly
designated 10Dgq, should be of the order of th cmfl'for this syétem.
2.‘ Oh_ith‘

Heré, the decomposition is

o TR (E2)
T, (0 ) = Bog(Dup) * Eg(Dhﬁ)-

2g
where'ﬁﬁeiﬁasis functioqs are indiéatedvin FigLIEZ;T The order of these
. statesfin'enefgy is obtained by assuming that thé interaction'of the
iron ah&]halide is weaker than that of the iroﬁ”énd sulfur. This
assumPtioﬁ; which will be made in éll of the femaining arguments, is
"cénsistént with the stability of the series ofidithiocarbamaté compounds

" with different halide ligands. With this assumﬁfi0n3 the Alg(d ) state

2
z

“ lg(dx2 yg);shéuld increase in energy
with respect to the octahedral Eg'state, and the splitting of the

should déqfease in energy and the B

octahédral'T

state should be small, with the Eg(dxz’ dyz) lying lowest.
. 3. thf*th

The irreducible representations of th quvd;vhave a one-to-one
relationship with the corresponding representatibns of Chv' However,
substantial changesvin the énergies of the stateéighould occur because

of the-changes~in the environmeht shown in Fig. El. The removal of one

5)
Z

. halideiligénd should substantially reduce the energy of the Al(d
state, and should slightly lower the E(dyz, dxz),state. (We have
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dropped the subscrlpt g since there is now no center of symmetry )

However, the dlsplacement of the iron site out of the sulfur plane should

substant;ally increase the energy of the E states,_whlle decreasing that

of the B (dxy) state. This situation is shown in Fig. E2 by'the-crossing

of the two levels on the reduction from th to Ch Similarly, the

energy of - the B (a 2 2) state should decrease.

L.

—*C

Chylf 2V

' In this case, the only decomposition is

E(chv)-= B (C, )+ B2( ij'

The changes made in the env1ronment should result 1n the small spllttlng
shown, with the B2(d ) state lying lOWest. cheyer, the change of
axes has nrought about a_corresponding change in tne basis functions and
representations; as indicated. 'The shifts in energy of the remaining
states should be small.

Witn'this system .a‘quartet state may belstabilized by'tne large

spllttlng between the ground A'(d 2 2) state and ‘the cluster of three_

Y

states A (a ); B.(d ), and B (d . The large se aratlon between
2 1" xz xy ,_p

zZ
this cluster and the highest A, (a Xy) state suggests that an approprlate

p0pulat10n of the d1 levels, as shown in Flg E2 _would be

2

1.1 1 k
] .
al b2 bl al : A2'

where the;representation of the product state has:been obtained by the

relation .

AXA)XB XB)xA) = Ay (EL)

obtained'from Koster et al. A more complete analysis of this system




l_would requlre at . least a calculatlon using the*
.'fjstates

:fthat a’ molecular orb1tal analy51s would be mof:

Sl

| UCRL-19651

_omplete d5 manlfold of -

> and the behav1or of the trls and b1s pyrrolldyl complexes suggests

approprlate._v




=11k~ o o

. UCRL-19651

F. Exéhange—éoupled Paramagnetic Ions withvS=3/2vin an Axial Ligand Field

In this appendix, we shall examine the behavior of a pair of para-
= 3/2, whose Hamiltonian is

magnetié-ions with Sl’ 82

D 2 1,0
¥ = D[s° + 8° ] + 2J[S.+S_]- D[S
[ 12 2z] [~ ~ ]- 3 L 1

+'sg] | (F1)
This.Hémiltqnian éorresponds.to‘two ions withvsp%§ § and S, in the
same axial field, and coupled by a Héisenberg éichange interaction. We
shallzstudy the variation of the eigenvalues aﬁd éigenvectors as a
functién éf the dimensionless parameter J/D.  ' : |

L, Limifing Cases

In the two limits, J/D=0 and J/D=w, the Hamiltonian in Eq. (F1)
can be easily analyzed. For J/D=0, the appropfiaté representation is in

terms of the operators'{gl, §2, S z}’ and the eigenstates are

lz’_S2 _ ,
slmple.products of elgenstates of Slz(lmsl>) anégszz(|m82>). The eigen-

values are easily calculated from Eq. (F1) wifh‘JéO:

Staﬁei_ | » Eigenvalue v’j' o Degeneracy
Iig>1£§> | | e ST

30,1 11,3 : R '
li?.l#?’ |%>|¢-§-> » 0 R 8 (F2)

where all possible permutations of the states_[mél>|m82> are to be

taken.
For J/D=» (D=0), we choose a répresentationvin terms of {§l, 5,5 S, SZ},
where

S5=5*5% . (F3)

The eigenstates of  are now eigenstates of S?-and Sz, S,ms>.' This
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.éan béﬁeééily seen by noting
52 S + sg + 2§l-§2 ..f . | (F4)
and thé?efbre ]
= 28175 = 52 - &2 -".sé'] | (F5)

17 %2
The elgenValues clearly only depend upon S, and they are ea81ly obtalned

from Eq.:(FS):

Syape ,. ' N Eigenvalue “ _";t'_ | Degeneracy

Bm> 2 T

Bmy> (3720 R s

pwp o -wypr ;

|0?0>f' | - -(15/2)3 -:"' 1
where _T'vy.“é;"have used ‘the fact that I-S |<S<S S,

2. Intérmediate Case

We.now con51der the intermediate range O<;T/D<oo In this range, we
must dlagonallze the entire Hamlltonlan of Eq. (Fl) This task seems
formidable at first, sinée, for two S5=3/2 ionsé,ﬁ“is a 16 x 16 matrix,
HoWever, the form of thé Hamiltonian introduces b§ﬁsiderable éimplifi—

cation.  " | | |

We.shall chocse as a basis set the product wave functions lm >lm 2 .

In thisﬁyepresentation, thevax1al llgand field,terms 1p Eq. (Fl) are

easily evaluated. The exchahge term may be written

2JS. S, = 2J(s

815, 1aoox ¥ 818y * Sizs2z) (FT7)

and thegsubstitution of the ladder operators for each ion,
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S+ = 'SX + lSy o
(F8)
s =s.-iS_,
- X DA
into Eq. (F7) yields
235, %5, = Jl8, +8. 5. + 2s s, 1" ©(F9)

l+ 2—- 12+ lZ 2z

The term 1n Si 82 is diagonai; and the propertiesvof the ladder operators

show that the remalnlng terms couple the state lm >|m 2> to msl+l> 5o
" and msi—l> m 2+l> If the Hamlltonlan matrix 1s arranged so that

coupled states are adjacent the result is a block—dlagonal matrix with

Zeros everywhere except in seven blocks along the_dlagonal. These blocks

are formed'matrix elements of the coupled sets

Thus, there is one Lxk block matrix and two 1x1) two 2x2, and two 3x3.
matriceewoh the diagonal. A calculation of the metrix elements using
. the equation

1/2

S§,Im > = [S(s+1) - m_(m_ +1)] lm 1> | (F10)

shows that the pairs of matrices of the same dimeﬁsion have the same
eigenvalues. In addition, an examination of the:éoupled sets of states
listed.above shows that each set corresponds to‘e:single value of mé,v

the eigen&alue of Sz’ and that the paired matrices of the same dimension

-1>
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have opp031te values of ms.. Wevtherefore observé'u:
( ) The quantity m is a good quantum number for all J/D
(ii) 7For'every_state with m ;705 there wiIl,beaanbther state with
E m' =1 with the same energy »
.The”secular equation for each matrix can Beleered in'cloeed form

by appregriate factorization. The resulting eigenvalues are

‘Ims ' ] I N uje,:E
13 T B 2D + (9/2)J
. R /2>J
+2
’ (3/2)
| -(3/2)J o (F11)
+1 . L
- -D-J/2 * [D 2DJ+25J211/2_

—(9/2) ¢ (upros21t/2

-J/2 % [hD -l6DJ+25J2]1/2
It isregs& to show that these eigenvalues tend‘tq.the proper velues'in
'the liﬁitsupreviously diecussed.‘ | -f

It is clear from Egs. (F11) that for valués,qf'J/D>o.1, substantial
spIitfiné of the'J=O eigenvalues oceurs. For'exuﬁple, in a magnetic
resonancevexperlment such as_that dlscussed 1n thls thes1s for
((Csz)gNCS ) (III) Cl in the paramagnetic state, this spllttlng

v results 1n a large broadenlng of the zero- fleld magnetlc resonance at

. v=2D.
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G. Ferromagnetic Resonance Frequency for

Ions in an Axial Ligend Field with p<g
In thié,appéndix; we shéllluse simple Clagsicgivarguments to derive
the relétionship bétween the férromagnetic resonaﬁce frequency for H=0
and T=0,-£orba system of ionsbin an axial ligandvfiéld, and the axial
crystai field pérameter D<O0., 1In the folléwing_discﬁssion, we shall
neglectiégmagnetization effécts since’the_satufafjén magnetization of
the Fe(iII);dithiocarbamates, to which these reéuifs apply, is of the

order of 65 gauss.

1. Ferromagnetié Resonance in the Uniform Modef' A

Firéﬁ, we shall diScuSs,the motion of a systémVOf ferromagnetically-

coupled ions in an external field, H. The equatiqh-bf motion for the

magnetization M is

CEmotegtxE B (61)

~

54

The solﬁtidn'of this equation is‘discuésed‘eiféhsiVeiy by Kiftel; ‘The
soiutiéés:éonsist'of plané waves‘bf-wévevector;g'iﬁ'ﬁhich the ionic spins
precesérabéut the &irectioﬁ of the external ffélazﬁitﬁ freqﬁeﬁcy v; For
Téo,»tﬁé de&iation"of the spin direction from tﬁéfdirection of the
magnetic-fiéld § is small? and the fréquency Qf:ﬁhevprecession in the
uniforﬁ (k;O) ﬁode is given‘by_  | | |
vosEmE o (62)
Aiunigxial anisotropy in the ionic envirénméﬁt may be fepresented

by'thg'enefgy density

H, = -MeH | | (a3)
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where we have approximated the effects of anisotro?y for small spin

deviatipns;by the effect of an "anistropy rield" H,.

A° For such a system,

the SPins”precess with a frequency
SV, F guBHA;' :' :=. (Gh)

at T=0 and in the absence of an applied magnetié?field. Ferromagnetic

résonan¢e absorption will be observed for incidenf radiation of this

frequehéj,g 

2. Anisotropy Field for Tons in an Axisl Ligand Field with D<O.
'Thé axial part of the sPin.Hamilfbnian of‘Eq;_(E) for an ion in an
axial field is

= D8 (G5)

z
wherevﬁe.have ignored ihe constant ﬁerm. Ir D<é;:the ionic spin at low
temperafﬁrés will tend tolaligh along fhe_z-difééiion. This will give
rise_taégﬁ'anisotropy energy densityv o
% = _n|p|s? SR (G6)
.Z :
where ﬁ_i$ the nuﬁber of ions per unit volume,‘;Ig“order to obtain thé
gffective'anisotropy field H) such that L
. e wn - wn
we exbandﬁthe anisotropy energy density Eq. (Géj:ih terms of the polar

angle 0 between S and the +z-direction:
) = _Nrnlsi'z-_wlnlsggosge _ (G8)
~ Where Ve_obser#e that, at T=O? 6<<l SO Eq. (G8) becomes .

1
ﬂk

i

—N|D|S2(l—g‘) R , (G9)

n

-N|p|s®(1-62)
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We noteAroat an additional»élassicalbapproximationohaerbeen made to
obtaio-EQS; (¢8) and (G9), We have neglected the quantlzatlon of the
.projeotgoh of S on e in Eq. (c8), and therefore our result will be
eract_onl&’for.large spin S (where this approximation is valid),..

We‘may obtain a more useful form of ﬂz:'
2, 8%, 2 |
o o= ~2N|D|s (15 ) + N|D|s" . (G10)

where we have subtracted and added the conStant'NJDISQ.v A similar

expansion of Eq. (G7) gives

1
ﬂk

L}

-lV] ® :.__. V
-MeH) (NguB)s )

_NguBSHA cos 6 o-:vsl - ; (611)
2 o |

: 6
.-NguBSHA(lag_)

n

where we have assumed that HA = -HA@#, and that S is nearly in the
+z-direction, as.in Eq. (G9). A comparison of;the;ahglefdependent'parts
_of Egs. (G10) and (G11) shows that

2N|D|s NguBSH"

and that therefore

g - 2lpls

= Gl2
i - S (c12)

Therefore, the effect of the axial ligand fleld for large S and T-O may

be approx1mated by that of the anlsotr0py f1eld “Eq. (G12). As discussed:

in thevtext, this classical equation may be corrected to the appropriate

quantum expression by multiplying S by the feotor i

n ;'(1-1/(23)) g;{,.' | (G13)
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Therefore,

o - 2lplsn 215

Glh
A - Blg gHy ( )

and the corresponding ferromagnetic resonance athéo and H=0 is, from
Eq. (Gk) - |
o N . v V '1‘ :f”: ‘ ’

v, = guph, = 2|D|(s-—q; - (G15)

3. Témpefature Effects

In’méét ferromagnets? the anisotropy in tﬁgigﬁin environment is due
to theﬁmagagtic interactions of.the paramagnetié_ibh with neighboring ions,
and tﬁgjéﬁétial iariatibn.is due to the'symmet;y'pfoperties of the
magneticfléttice{ As the tem?erature increaseé; ££¢ disorder of the
magnetic:@dments iﬁcreases, and the ferfomagnetic,Qesonance will broaden
due to ldéél variations in the effective anisoffbﬁ&;field, §A’ In
additibn;.for such systems where the anisotropy¥field is due to exchange
with neighboring spins, the averagé anisotropyifiéld tends to zero as
the tempéfgture approaches the trahsition tempéréfuré Tc’ since, at this
temperatﬁ?e, the local spins are nearly.complefgiyfdisordered. |

Héwg?ér, the anisotropy due to an axial>ligénd field doeé not
decredéé:Qith temperature. As.the teﬁperaturé inc?eases, tﬁe disorder
in thefsﬁins will cause the semiclassical defiva£ipn of H, to break
down,‘andvin addition thére'will be a growth Wifh temperature of ,
resonances cofresponding tO‘"paramagnetic" stafesQwhere the neighboring
spins #revnot aligned, but are.couplea by theiexéﬁange interaction; (As
indicated in Appendix F,'the paramagnetic-resoﬁé@gé spectrum in zero
field‘is Broadened by the exchange interactioﬁ.) ;Thus, a smooth

transition from a sharp resonance at 2|D|(S~%) to the broad paramagnetic
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spectfum should occur as T increases, ‘This sifﬁation is observed in our

measurements on the ferromagnet ((CQHS)eNCSE)éFe(III)Cl.

L, Fleld Effects

At T—O the appllcatlon of an external magnetlc fleld H ext gives an

effectlve fleld actlng on the coupled spins
_ . o
geff Eext _ gA ol . : (616)

‘for ions with an axial ligand field. If 6H is the angle between Hexf

and HA,sQlution of Eq. (G1) in the uniform mode gives the ferromagnetic

resonance frequency

= ebgllepr ; - (e
Where'the.magnitude H ., is given by

= ! . 1 3 .
'Heff = [Ha + H + 2H; H _eos QH] ‘ (G18)

1 ] s
For H ff H HA’ the frequency is

L ' N
vo gMB(HA + Hext)

210l () + e,

(G19)

However, the lineshape for a polycrystalline sa@éle is not easy to
calculétef:-This is because the anisotropy fieid.Hg waS’calculated |
under the.essumption that the:deviation'of'the.spin:from the z-direction
is small. ‘If He <<HA, this assumption will be;;alid, since the effective
field g off will be nearly parallel to the z—direcfion for any orientation
of gext71 HOWeVer’ for ((CQHS)NCS ) Fe(III)C1, [Dl =.1.93 cm—l_aﬂd S8=3/2,

SO

H = 2|n| | 41.2 kOe
A gy
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Thereforé?fin applied fields larger than a.feW kQé;’the semi-classical
'deriva§i§# of HA breaks down, and a more rigoféﬁs'calculation must be
made..:Tﬁe_observed ferromagnetic>resonance qu;§his compound is
consistent with Egs. (G17) and (G18) under thevéés;mption that the

magnetic fdfque produces a substanﬁial alignméﬁtiof the crystallites

such that _';Hext I 2. This is very likely at the low temperature (T=1.3°K)

where the results shown in Fig., 17 were obtainéd.;i.
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Table-I;._Experimental values of the zero field SPlittings Al and A2: 
and derived values of the spin Hamiltonian pafémef?fs for several heme

compounds obtained from the far—infrared_Spectra:at1H=O for T=L.2 and 50°K.

Compoundﬁ'i Ligand A ' _ ' D A
< , , -1 -1
(em ™) o lem ™)
Protopor- = Fluoro A,=10.0%.20 . 5.0%.10 .0
P 1 » AR
phyrin IX : . o
Dimethyl -
Ester - A _ , -
Fe(III). .. Chloro : A =13.9%.28 "6.95%.1k ~0
| 8,=19.5:.30
Azido . 9.10%.15 - .085:.025
= + : | ) |
| A, 36.0_.75 |
Deuteropor-  Fluoro™ A,=11.1%.22  5.55+.11 .0
; _ A ] e o :
phyrin IX: C
' Dimethyl -
"Ester . : a _ e
Fe(III) Chloro , A,=17.9%.36 8.95%.18 -0
Bromo® . B=23.6%.46 11.8+.23 .0~
Todo 5,=32.8+.30 . '16.4t.15 - -0
= +-
A 14.8%.10 o | |
Azido  7.32%.05 .036%.015
A,=29.2%.15

®Data from Ref. 27.
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Table iI."Ekperimental values of the zero field splitting Al and

derived values of the spin Hamiltonian parameters;fgr several Mn(III)

deuteroporphyrins. obtained from the far infrared,épéctra-at T = 4.2,

 Compound .  Ligand o A D A
(em ™)

Deuteropor- . .Chloro - 7.6 .05 - . =2,53 % .02 . <.005
phyrin IX o ‘ R o ’
Dimethyl
Ester -

Mn(III)

Bromo <3.5  =1.10 £ .10 -0

Azido . - 9.25 % .15 . -3.08% .10 <.O
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Table III. Observed zero field'Splittings and:dérifed values of D fér
férrihemqglobin and ferrimyoglobin obtained from-thé far-infrared spectra

at L.2°K.  Severa1 indirect values of D and the far-infrared results for

fluoro protoheme are included for comparison.

B _ O v o Indirect
Compound = - - Ligand A - D value
, = , 1 o
S (cm_l) (cm_l) ' Dy
B » cm )
e 3 » - 123'
- Ferrimyo- - Aquo - > 16 9.5 + 1.5
o 2 , b
globin. . - o : . ) 4.38 + .6
~ Fluoro . 11.88.% .16 © 5.94 .08 . 7°
Ferrihemo- - Fluoro 12.60 + .2b - 6.30 + .12 . . 7%
globin'. . T .
Protopor-" Fluoro ©10.0 % .20 5.0 .10
phyrin IX : PRI
Dimethyl. "
Ester
Fe(III) -
®Ref. 13.
PRer. L2
CRef. 143
QRer. b4




Table IV.

. (N,N dialkyl dithiocarbamato) Fe(III) halides [(

R2Ncsg)2

Zero-field splittings’A and derived values of the spin Hamiltonian parameters for bis

Fe(III) X], obtained from the far-infrared

spectra. The difference in the zero field splitting for compounds with the same dithiocarbaméte

ligand and different halogeno ligands, A

Missbauer data® are also included.

Br

- Ay, and the quadrupole splitting obtained from

AE

_ A bprBer D Q
. -1 -1 -1 ,
Ligands (cm ™) (cm ) (cm ) A - (cm/sec)
X=Br 1k.60 £ .20 +7.30 £ .10 .290
R = CH, ' 18.80 o
X=C1 L.20 £ .0k -2.10 % .02 .266
_ X=Br 15.10 * .20 +7.50 * .10,  .067 + .005 .288
R = 02H5 L 18.95 o :
. X=C1 3.85 £ .02 -1.93 t .01 .268
R = (i-CpH,) X=Cl k.70 % .06 -2.35 t .03 .b36,¢ .003°  .268
LT UxeBr o 1633% 200 o aBaTEi10 ettt
ligyl X=C1l 5.20 £ .09 +2.60 * .05 - .268
- ®Rer.k9
Pper. L8

TS96T-THON

TEETT
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ent absorptlons observed in the far—lnfrared spectra of several compounds

at L, 2°K.vv‘v

Compound ..~

)

Absorption Maxima'(cm

Fluoro ferrimyoglobin

Bromo deuieroporphyrin IX
dimethyl ester Mn(III)

‘Phenoxo deuteroporphyrin IX
dimethyl ester Mn(III)

Bromo bis (N,N diethyl dithiocarba-
mato) Fe(III)

Chloro b1s (dl 1sopropyl dlthlo—
carbamato) Fe(III) .

Chloro bis (N,N diethyl dithiocarba-

mato) Fe(III)

Bromo bis (pyrrolldyl dithiocarba-
mato) Fe(III)

8.9

25.2, 34.0, 39.3, L46.0
13.3, 31.0

27.3;L31;5, 34.5, Lk2.9,
bh.7, k6.5, 52.8

065

133.0,°38.8, 43.6

27.0, 29.8
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FIGURE CAPTIONS

rMZero field eigénvaiues in units of D as}é function of A = E/D

_ for the spin Hamiltonian Eq. (2) with'S = 3/2, 2, and 5/2. The

mg values of the states for A =0 a:e'indicated at the left, and

o doubly-degenerate eigenvalues are idéntified at the.right}

Fig. 2.

Eigenvalues in units of D as a function of H' = guBH/D for the

' spin Hamiltonian Eq. (2) with A = 0 and § = 3/2, 2, and 5/2.

' The dotted curves are for HIl z, the:sblid curves for Hl z.

" .The m, and m, values of the states fbrjlarge H' and D > 0 are

. “indicated at the right.

Fig. 3.

3The polycrystalline absorption coeffiéieht o calculated from

. 'Eq. (5) for 8 = 3/2, D <0, D/KT = 0.8, A = 0.036, and various

'QJQalues of H'. The contribution of each transition to the total

lineshape is shown in the upper curvé;_the'transition index n

'is identified in the insét-diagram. ‘The lower composite plot

~‘indicates the variation of the total lineshape with H'. The

. scale of o for H' = 0 has been reduced for clarity.

Fig. k..

‘Raw data and ratios as obtained from the Fourier spectrémeter

:'for ~ 200 mgvdf polycrystalline ibdo deuteroporphyrin IX

-dimethyl ester Fe(III).

Fig. 5.

‘Absolute configuration of the ligandsfsﬁrrounding_the Fe(III)

'f;ion in Ferrichrome A, after Zalkin, Forrester, and Templeton,

'>C_Ref. 15.

Fig. 6. .

Theoretical and experimental absorptién-coefficients for poly-

- ‘erystalline ferrichrome A at H = 52.2*K0e and T = L4.2°K. The

points are the average of three experiﬁental lineshapes, and
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the bars indicate plus or minus one s’t_'a.ndard deviation. The

experimental points have been corrected for small -linear

v

‘variations of the background, due to ihstrumental effects,

" obtalned from .the value of the absorptioh coefficient at

' frequencies below and above the plottedtrenge. The solid curve

is the theoretical bare absorption coefficient for g=2.0,

D = -0.27 ca™t and JA|_= 0.25; the dotted curve was calculated
. for D = +0.27 cm-l and A-= 0.333. Theiffequencies of the

-absorption edges and maxima, defined in the teit, are indicated

fvfor the solid curve.

Fig. T:

Probable molecular structure for Fe(IiI)*(SQCNR2)3, after

"<Ewaid, Martin, Ross,vand White, Ref. 194“»3 is an alkyl group.

Fig. 8.

Fig. 9.

:}Deta for polycryétalline tris (pyrrolid&i dithiocarbamato)
.‘Fe(III) at T=L4.2°K, obtained frem the'feffinfrared:specfra.
.efhe points are the frequencies of the*deeerved abeorption
ﬂﬁaxima, and the bars“show the'approxiﬁeie:widthvef the abeorp—
__ﬁions: .Smoothvcurves.have beeﬂ draﬁn€through:the fointe.

'Approximate structure ofvthe porphyriﬁlskeleton-and local

" coordination of the iron atom in heme .compounds.

Fig. 10.

Data for a sample of ~ 150 mg of polyCrystalline fluoro

protoporphyrin IX dimethyl ester Fe(III) at T = 4.2°K. The -
, points indicate the position of the expefimental maxima, and

‘the bars the approximate width of thefebserved absorptions.

' “_The curves are the transition frequencies predicted by the

”"spin'Hamiltenian in Eq. (2) for D = +5}Oécm_l;-l = 0, and

. H1l Z; the dotted portions indicate Veaker absorption due to
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'éthe-effects of.thebBoltzmann tern.Pn(T#§;2°K). The approximate
iigéectral bandpass of the sample is indicated by the range of
:~Tfrequenciesvplotted. . |

:bata for a sample of ~ lbO mg'of.polycrvstalline azido deutero—

-v;porphyrin IX dimethyl ester Mn(III) at T = h 2°K. ' The format

- 1s the same as’ that used in prev1ous flgures The curves are

" the predicted transition frequenc1es calculated from Eq. (2)

Fig.flé.f

,for D =A-3.08.cm A = 0, and H L
'Data obtained from the far-infrared spectra of paste samples

fcontaining ~ 1 gm of the fluoro derivatives of ferrihemoglobin_

::3(HbF) and ferrlmyoglobln (MbF) at L. 2°K The p01nts are the

id{frequenc1es of the measured absorption“max1ma, and the bars

f?afindicatevthe approximate width ofntheﬂobserved absorptions.

_-The curves are the frequencles of strong tran51tlons calculated

A

"v__‘.'from Eq. (2) for A = 0, Hl Z; and D +6 30 em (H'bF)_, and

Fig. 131

D = +5.94 cm~ (MbF) the dottéd portlonsvlndicate regions of

iweak absorptlon. The range of frequen01es plotted 1nd1cates

"~the approxlmate spectral bandpass of the samples

Data from the far—infrared spectra of ~ l gm of polycrystalline

'nmet—myoglobln at b, 2%k ' The points are the average values of

the frequencies of the measured,absorption maxima for eight

'1'fexperimental runs. The curves are theﬁcalculated transition

frequencies using Eq. (2) with A = O H 1 %2, and the values

" of D indicated at the right.

Fig. 1k,

Molecular structure of (RQNCS Fe(III) X, after Hoskins,

2)2

* Martin, and White, Ref. 46. R is an alkyl group, and X is a

-halogeno ligand.
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;Data obtained from the far-infrared $PeCt?5 of ~ 100 mg of

. polycrystalline bis (di-isopropyl dithiocarbamato) Fe(III)

chloride; The points are the freqﬁenéiesvof the observed

'-fabsorption maxima and the bars indicatthhg_apprdximate width,

v The curves plot the prihcipal maxima of: the polycrystalline

'.absorption coefficient, calculated using the program described

in Section IT-C for D = =2.35 cm ©, A= 0.036, and T = 4.29K.

" The dotted portions'indicate regions of yéak absorption.

Fig. 16.

"Data for the ordered sample of bis (N,N diethyl dithiocarbamato)

"iiFe(III) bromide, described in the text at h.2°K. The points

fvafe the frequencies of the observed maxima'and the bars indicate

gthe approkimate width. The curves are the transition frequencies

1

HQ éalculated from Eq. (2) for-@ﬁ ~ 3ﬂ/8;-ﬁ3= +7.50 cm -, and

X = 0.067.

Fig. lT,'

Data obtained from the far-infrared spééfra of a polycrystaliine

-~ sample of bis. (N,N diethyl dithiocarbamato) Fe(III) chloride in

:indicate the experimental width. Thevliné is v = 2uBH + 3.85 cm

Fig. 18.

f ((c2H

the ordered state'at'T = 1.3°K.. The points are the frequencies

of the single sharp absorption maxima pbsérved, and the_baré '

Far-infrared transmission spectrum of “ 50 mg of polycrystalline

) Ncsé) Fe(III) Br at T=L.2°K and H=0. The absorption -

1

s .

2 2

>
due to the zero-field splitting is indicated at A=15.1 cm—

'

 and the transmission with no sample iﬁ‘plage is given by the -

. dotted curve.

Fig. Bl.

'Flow chart for the subroutine ABSRBNC, the main control

subroutine of SHAZAM.

1
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. Fig. C

«“Fig;'ﬁlv

. Fig. E2.

:basls»functlons;ﬁend;energx’level”

oo

Theufunctlon‘f(A), as deflned 1n Append c;ifof_ééyéralj'fiﬁ

jalues of A |A|

‘hanges 1n the local env1ronment of Fe ;1n b1s Fe(III)

thlocarbamates for the symmetry—reducf n serles dlscussed f{;

”anppendlx E The" Fe(III) 1on lles

ihéior;gln,of'the~;v"'“

‘oordlnate system 1n each case..gv,

symmetry—reductlonL:

ries discussed in Appendix'E.

chematlc dlagram of the varlatlon o» the dl representatlons,j, 3'“' 
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Read H,D,E,T,A,PMIN

Generate

, tabies

4

‘Read | Integration tables
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LEGAL NOTICE

This report was prepared as an account of Government‘sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: _ .

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages .
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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