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ABSTRACT

v
o

" CALCULATION® OF SPIN HAMILTONIAN PARAMETERS FOR Gd3+ (-3
DOPING ISOSTRUCTURAL SERIES OF RARE-EARTH METAL :

) : ~ TRICHLORIDE HEXAHYDRATES AND TRIFLUORIDES :
v o ' L ) ‘ \ ’ ’ /\ ‘
“' . a or , “\\ L / ) »
’ . ] ! . ) .
. Norman* Rqbert Léis, Ph.D. . Lo L
Eoncordia University, 1982 .-

‘e [ 4 . ) :
Spin—Hami]tom’an parameters are calculated for Gd3+ doping thé

isostructural rare -earth meta] ser‘i’es RC]3 .6H O (R = Nd, Sm,.Eu, Tb,: °

U 4

Dy, Ho, Er, Tm) and RF R = La, Ce, Pr, Nd) The .theory %f spin-

3 ( .
Hami1tonian parameters (SHPs) and of crystal-field parameters (CFPs} '
is presented, and the re]a}ti'onship between them is discussed. 'Cor‘\“—
.sider‘ation is éiven to the ques.tion of the validi ty of the crysta]-
field parametemzatwn scheme and. to the quest1on of whether or ngt

the SHPs arise-solely from terms which are 11near‘ in the crystal ﬁeld.

The SHPs fOr the two semes are ca]culated on the basis of the sbper-l
L ] Y

position model (SM) of Newman using a newly_deve]oped method which

.. exploits the _consistenc_'y of the model to determine distortions in the

%

ionic positipns.’ It is aiso shown how theéfSM may ‘be reformulated so a(_
to decouple the model parameter va]ues frém' metal-1igand di‘st'ance
. effects. Gn- addition,; the SHPs are ca'lcu]étec-l for the same two serfes .

using a model origimal to this work, called the point-charge plus

induced-dipole model (PCID). This is based on the use of polarizability N

n ) 7’ ' . ’
tensors whose symmetry conforms to that of the host crystal. These

tensors are required in order to calculate the induced dipole moments

ft the various ion sites. Thus, the SIiP.s are expressed' in terms of

»

., R Vo
v .
/ & b -
. ‘ ! . N
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) ‘- ~ - . = v “’53 N -,
point-charge sums and induced-dipole sums 6ver the crystal, all sums

-

being.evaluated by Ewald's method. "Although different polarizability.

values are found for each ion type for each host, these values are not

arbitfary parameters as would arise in a purely empiri cé] model. This ]

is’because they are subject) to various physical constraints, as is, dis-,
. - - } -

._ cussed. Also; the. pMarizability values predicted by the mode]i’ia'rq

s

© found to véry with the host-iop radius in a way consistent with that
s 2 .o N F, « N -

N

pr‘edi\ctéd by the exghange ‘char@g model of Di;k and Overhauser. Both the

" SM and ‘the [’C’ID del give resuits for the SHPs within experimental ..

error. A review is given of .existlihg polarizable dipole models. It is -

-
3

_shown.'that " of .these neither provide a rigor;ods‘ treat;,ni'ent of the
pq\]ari.zaQbi 1‘ty probTem, ‘nor do they aéree wll"l .with exp'er;'me'rit. Also'
there 1s presenEéd a detaﬂeq t‘.reatmen"c of Ewald's meth‘oq including a
new]y. developed teéhm’q_ue for the eval»uation of correction terms which
oceur 1'n'the 'gheor:y. Conclusions are made regarding ‘t_he validity and

utilty of the PCID model. . ) ' /
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Chapter 1 - ‘ : : - ’ L
. ) INTRODUCTION & ~ = ‘ )
S L.

>

The theory of the crystal 'fi,eld was firs:t deve]oped by Bethe] in .G
. 1929. Bethe considered the'effect of'the electrostatic (point-@/ .
. . field of an NaCl - fy'pe lattice on a given jon in the lattice. THAs o

: c1assi§a] approach, which deals with a basically long—range"effect, is

]

¢

. " what is usually referred to as chta]-fiéld:theor‘y. A different

. M .
=

approach-, which deals with inherently short-range effects, _1"s that of
-

11gand field theory. Here, one 1’s only concerned with a given-metal.

~N . K 1on and 1ts immediate rie1ghbours (1igands),.thé whole forminé'what 1‘5: N\
tal]ed a coord1nat1on*cl\gster.. In this canfext, ‘the term 'ligand' re-\ .
fers not nece'ss.,am']yh ta a\‘-néarest neighbour, but rather to a neighbour
win(ch is such that there s no ion mtervEmng between it and the metal
jon. Thus, 11gand field tﬁeor’“y includes a'H theor1es of chemical bond— B

2

[
ing between an jon and its ne1ghbours In the present avork, for con-

vemence, the term crystg] field' yill be taken to i‘nclude the 1igand

field. ) . o -

.

Typical ]eve] sphttmgs produced by a crystal f1e]d on 5\ atom *

L'¢

may be descmbe“d in terms of ‘crystal- f1e1d paramete‘rs (CFPs) wr}}ch can ‘(‘“.
be determined experimepta]]y, usually from optical data. Also,.the
phenomenon of electron pa'r\amaghetic‘resonahce '(EPR) has beenlused as a

’ primary tool .in the investigation of t‘he‘ crystal fie]d; In EPR the =

energies are describable in terms of spin-Hamiltonian parameters (SHPS) Y

-

which are also measurable.

In this area there are two long-standing prob]ems . Ope relates to P

»
*

* the questwn of-what phys1ca1 mechamsms give.rise to the CFPs, and, the

| ' | 4 . - . AR | N

I | . ) P
. ° . 3



lother is concgrned with the relationshio.bethen‘the;gFfs and the SHPs.
‘ . . With respect to the first prob]em;'there have been, historically, two
| schools of thouoht as 3mp1ied agove~in_the distinction made between
"crystal-field»theony\and ligand-field theory. The proposition that\the
) CFiPs aéE due so]Eﬁy to the|-electrostatic pgint-charge field of the.cnys-
o tal ds now taken to he untenab]e as will be discussed later.’ In the,
E ‘ - past decade the gppos1te content1on, namely, the aSSert1on that only
— , - short-range effects (for examp]e, overlap and cova]ency) are of 1mport--
ance, has been the obJect of cons1derab1e attenﬁ1on In th1s regard,
£ - : perhaps’the most suétessful theoS; has been the superpos1t1on model (SM) .

due to Newman This mdde] ascribes the or1gwn oﬁﬂzhe CFPs solely to
X . l,; é%e ne19hbour1n9 11gands ' T ‘ ¥

b/// ' - " It is clear that the doint-charge-only adhroach ignores the guantum‘
S , mechanical effects of, near neighbours, while the ligand-only theory
disred%rds the rest.of the crysta]. It shou]d however, be noted that
. ) Toooin the po1nt charge plus 1nduced dipole (PCID) mode] armodel presented

<:“. ) in this thes\S the magnitudes of the induced dipole moments are depen- '

ﬁ
dent.on jonic polarizabilities. In a crystal, these in turn are depen-

dent on covalency, exchange, and so on. Thus, the PCID model- has
N N features relatlng to both long— and short-range effects

g ) i The fact that both the superpos1t1on model and the new PCID mode] é&v
: - 'y
meet wath succeE\ unpl1es that, desp1te their difference -in outlook
v [ . 0 .

th y may be related to each other.

B //// The second major question, ‘'mentioned above, dealt with the

-t

-




- Pry Nd. —?ﬂis is motivated by the fact that brecise expg;imenta1 values’

B : . .
- * . .- ' 4 - . .
S ' P : Lo
. }‘ | = 3 ’
ot . . _J

relation between the CFPs and the SHPs. This work will also address
this problem. B \ - R

The EPR phenomenon, from which arise.the SHPQK occurs only for, C e J

. N A .

transition ibnsl' Of particular concern are those 1BQ§ with a half-
filled shell (S state ions), as fheir spli{tings are not well unﬁér-
stoéd. This ﬁorkcgaﬂ1 concentrat‘kon crystals of the 1anthan1de (rare- -
earth mefa] ‘transition series, doped by the S- state 1on Gd3 A sur-

3+ 3 .

vey of the spectra of Gd™ has been given by Buckmaster et al. As they

boihf out,' the paramagnetic properties of Gd3+ have had an interesting
history. Originally, 1nterest in gadol1n1um compdunds centered on
their use 1in magnetic cooling and ad1abat1c demagnet1zat1on Cons1der— )
ation o%[;he paramagnet1c properties of this ion was 1ntens1f1ed .in 1956

after it was used as the active material in the first so]id—state maser.,

EPR measurements on Gd3f are facilitated by the fact that it has am ex-

. freme]y long relaxation time which enables its EPR spéctrum to be ob- g

served at temperatures_as high as 290° K. This, combined with the fact - ' .

3+

that the Gd™ splittings are readily measurab]e usind EPR techniques at '

£

microwave frequenc1es with common]y ava11ab1e 1aboratory magnet1c

fields, meéns that tngre is a great var1ety of experimental data availe
y

able. P . , , . ' }
This work will 'study the cases of\Gd3+\dqping single crystals of ) ‘
the series RC13.6H20;(rare-earth‘meta1 trichloride hexahydrates, here-

after RTH) where R = Nd, §m, Eu, Tb, Dy, Ho, Er,;Tm and RFé;_R ='La, Ce, ’

for the SHPs of these series are available. (See Chapter 4 for refer-

’

ences.) Other more technical reasons for this choice will be given n

due course.
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Aside from the collateral aims previously mentioned, the main pur-
pose ofhthis work is to predict thebretica119 the values of the spin-
1 N . .

Hamiltonian parameters for the above series. In outlirie form, the pre-

“~

sentation will be as follows. Chapter 2 gives\the theory leading to the

spin-Hamiltonian parameters, th]e Chapter 3 treats that of the crystal-

N \.\ .
' fie]d-parameters and discusses the relation between these and the SHPs.

'Chapter 4 deals witﬁ the theory and application of the superppsition

"model and Chabter 5 deals with the theoretical development of the PCID
model. Central to this is the question of the polarizabifity of ions

in a cr&sth]: This is considered sepanete]y_in Chapter 6, and the

~

“application of the model is described in Chaptér 7. Chapter 8 presents

the conclusions\and summary of this work. Fér convenienif, detailed

\\q§ta and mathematics have been relegated to’ dppendices. . ¢

=~ ”

b d
~




L L T

Y

b .

v \ " Ghapter 2
;‘ .THE EPR PHENOMENON AND SPIN‘?AMILTONIAN PARAMETERS
4 f N
B |

N [+
This chapter gives a brief outline of the phenomenon of electron

-

\y‘ ‘ . ,
paramagnetic resonance (EPR) and develops the concept of the so-called

épin-Hamilponian and the related spin-Hamiltonian parameters (SHPs).

Al%houéh an excellent detailed treatment of this topic is given by

_Abragam and Blgpney,4°the present account-will serve as a basis for un-

derstanding, in the folﬂéwing igapter, the relation between the SHPs

and the crystal-field parameters (CFPs).

b

. " A '
Electron paramagnetism arises whenever an atom has an odd number-

: e I -
] of electrons, or, more specifically, when the electron shell has a re-

sultant’angu1ar momentum. However, sys%ems with an odd number of elec-
. L

trons are chemically highly reactivg, and bond to form even-numbered

systems- which are not paramagnetic. On the other hand, transition atoms,

which have partially’ filled inner shells, will remain paramagnetic be-

cause the chemistry affects only the ohter shell. The odd electron
“

“in the unfilled shell will give the atom a net magnetic moment which

can be set into precéssion by thg application 6f an external stétic
magnetic field. The EPR phenomenon conststs of supérposing a varying
fie]d‘(radiofrequency; microwavﬁi etc.) on this and matching the applied
frequenc& to that of the gyroscopic precession of the magnetic moment.
This is done: by varying either the frequency 6r the static external mag-
netic field. The adééntage'of the resonance method .is its precise sel-

ectivity which allows one to concentratg on a partigular contribution

‘to the spectral splitting. \

. % In EPR, one’is dealing with the electronic Zeeman effect. An atom

3 5'



" with angular momentum € will have a magnetic moment ﬁ given by

“ - - . v P
. SR NI - 2
% - e .. i

i-vye ] C(2.)

where y ~ _& (e = |e] and m is the mass of the electron) In a mag-
mc

netic field, ﬂ' the magnetic moment will precess w1th angu]ar ve]oc1ty

G o= -¥YH . (2.2)

N M .
o -

The so=called Zeeman energy, W, is then given by

. W o= -4 H

Now, Y may be expressed as

.ZMC

| SRR ) o C (2.4)

where g (the 'g-factor!) is a pure number measuring the relative con-

tribution of orbital spin to the total angular momentum, J. - For an
4 = L]

" atom in a crystal, its value is determined experﬁmental]y. Defining

the Bohr. magneton, B, by

B = _eh ‘ (2.5)

. 27cC -
and using. \ |
| g - % J \ (2:6) -
oné has, from Egs. (2:1)‘and (2.3) to’(2.6), S
[

‘ 3 j '
Now, in the absence of ﬁ " the 1evels of the ground-state teym will be
sp11t by the crysta1 f1e1d by amounts known as .zero- f1e1d p11tt1ng ‘
However, for systems with an odd number of electrons, the [zero- -field

splitting will leave a degeneracy. (This follows from Kramer's

4) s' spin, S, to

Theorem. Oné then ass?gns an 'effective' or ‘'fictici



(%3

7

the system an that the degeneracy equa]s 25 +1. One thea has an effect:‘

1ve sp1n ~-Hamiltonian of the form

X o= X, + 3, | ‘ (2.8a)
‘ \ | x? /=/33 . . (2.8b)
where >f is the electronic Zeeman term analogous zg that g1ven by
Eq. (2.7), and >ec represents the crystal field. The express1on for~3€;,

as is, implies that the Zeeman effect debends only on the angle betwgen

- -+ .
H and S. However, it also depends on the angle that ﬁ'makes with the

" local crystal symmetry. Thus, g must be treated as a tensor, and

‘
)

’ S o (2.9)

Eq. (2.8b) is written as (/’\ )
where

, Qé'j = Dex stc-z +5,.y Hx% K (2.10)

The crystal-field term in Eq. (2.8a) consists of a sum of terms con-
faining combinations of higheﬁ powers of Sx' Sy, and Sz' These combin-

ations, a given one designated by 0, behave as spin operators, and are

chosen stuch as to behaye in the same way as the spﬁerica] harmonics, Yﬂ.

Thus, a qiven‘a would be written Oﬂ. *The advantage of this is that the
?orhal form of the appropriate Hamiltonian can be writ%en down without
detailed calculation since it must reflect the symmetry of the crystal.
Further, the number of sdch terms is limited by the fact that operators
of degree k > 2S can be omitted since they would have zero matrix ele-
ments, and those of odd degree are omitted because.thpy are not invari-

ant under time reversal. Thus, the spin-Hamiltonian is written as

~



., - .,\% .
. g .
[ ‘ b ’ - ’ ﬂ ' ’ ) ‘ ’
’ ) - - | n “
e jZiTE: Y. }{,5’.3 + u;§; :E;“ O. . , (2.11)

-

. - .
For Gd3+ (S=7/2), one has n=0, 2, 4, 6 and‘-n ¢ mg n. The form of
the equivalent operators, 02, most commonly employed ( and used hehé) is ©
due Ep Stevens.5 They abe listed in Ref. 4. Other forms for tHese op-

: erators are used by some authors.  The relationships and conversion

¢ ' factors among the various representatioﬁs are given by Dieke.6

The coefficents, Bﬂ, ére the'spfneHami)tonian parameters. They

Y

" can be measured experimentally. The present thesis is concerned with
their theoretical prediction. N

Typical level splittings produced by a crystal field on an atom .
are of the order of 102 cm']. (Note that it is customary in this area’

to use the spectroscopists’' unit of ehergy, the inverse centimeter,

where pne-has 1 eV = 8108'cm'!,a1though there will also be occasion to

:_ . use GHz as a unit, where 1 GHz = 30 cm'].) This may be compared with

the central field of the nuc]eus which gives splittings of 105‘cm'],

_tHe Coulomb interaction with the other electrons in the atom (104 cm']

3

——

)s

and spin-orbit coupling (102 to 10 cm;]). On the other h&nd, there

are smaller effects such as interactions with the nuclear spin (< 10']

. & \
cm-1), and with the nuclear quadrupole moment (v 10'3 cm—]). However,

here, these effects will not be/con;idered,.as current experimental
. : 0

procedures cannot resolve splittings of less than 10—] cm  for the
-systems that are being.investigated. ‘ .
J < T )
p
\ J,.’
\ ’ t

e Ve U
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.7 " Chapteg 3 . " R
_/ THE CRYSTAL FLELD | '
. ) \ . .
This chapter develops expressiops for the crystal-field parameters | ° ﬂ

(CFPs), shows how they are re]ated to the spin-Hamiltonian pgrameters of

the previous chapter, and also d1scusses the ground- state sp11tt1ng mech-
anisms of Gd3 <At shou]d'be noted that these‘topics are subject to.can-,
siderable dispute and thai there is a lack of conventiona] hethematica]
notat1on in this area Both of these factors dictate that the followihg

be presented in some deta11 's0 as to avoid any confus1on

3.1 Grysta];Fie]d Parameters

+ . ~
. M

From the spherical harmonic addition theorem,7 if w'is the angle

between the vectors (r, 6.; ¢{) and (R, 6., ¢.), one has :
o - ‘
ﬂ(wsw) POy hgnﬁ‘f) Y(e,,4>)Y (e: ¢:) (3.1)

where Pg~is 5 Legendre polynomial, and Yn are sphéricé] harmonics. Now

~

consider the electrostatic potential V(F) due to Qr ion with charge q at

- position R. If w is the 3ng]e between ? and ﬁ, then one has8
N, . , ’
. Y‘ o »
V(‘r') 7____.._, &, = E -__—RM" P (cos ) , >, (3.2)
~1|,'O

In order to avoid using imaginary quantities, one defines Tesseral har-

monics, Z, via’

o * .
v ~ - F AL . . -
- EL = ,—?_é( Yo o+ ¢E K,, ) I
. 2 -r .
EARRY Q8 “"")Msuw) :
Then, from Eq. (3 1); //// ] ’

o ' A 9 ’ ' - I~
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P (s = o }: {Z (o:4:) 2, CeJ,4>)

+ Zni\ (6:)*:) Z’ns'n <83.’ 4;"') }

This is usually wr1tten as

P leoswy = ‘*‘“\Z\Z (6«-)4’ >Z ( (35

(3.3)

2n+1

where the sum over o 1mp11es that, for each m, there are sums of pro-

ducts involving both Zn; and Zn; as in Eq. (3.4). Using this convention,

the potential at (v, ,4) due to k charges Q; at (Rj’ aj"#j)’ j =

Lkis - v
. " N , '
) 20 oKX ’ ' - :
X .
! er.e AT ? anc (94')4’.1' ) .
b/mc - oy zmz ¢ R;v«z " (3.7)

For a given magnet1c 1on, the total classical potent1a1 energy due _to the.
crysta111he magnet1c field will be - .
w;-;-eZVU‘6+) ( ¥.) (3.8)
where V is as in Eq. (3.6), and the summation is over the magnetic elec-
trons. The corresponding crystal-field Ham{]tonian,é{;, is fofmed from
this uéing the usual rules x xop’ et@. ;hus,sf% is also g%ven by
Eq. (3.8) if_V is now understood as an operator. . -That is, Eq. (3.6) may
be put in the form ‘

. | .
Vix,e,4) = 2 V% - o (3.9) .

o

where Vﬂ is an irreduciblé tensor operator of the form TE. Such an op-

erator is defined by its commutation relations with’ the angular momentum
: 1

oper‘ators]O e '

i

. ' T;rz
[3.. T] /é(é+;) “ptee0 I
[.;T ? rzzﬁ] = 22 527 _ s o
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The Tz'are the components of tHe tensor Tk of degree k with q compoo-
ents’ takxng on the values: k,<k - Y, ... » -k. The*main advantage of
treat1ng Vin terms of operators of this form is that the calculation ST

of. matrix e1ements of X% is;then facilitated by the Wigner-Eckart

11

$Theorem. The typg of representation one uses .depends on the size of

wc relative to the other interactions 1n\Fhe ion. For the rare-earths,

" where w is less than-spin- orb1t coupling, pne uses the L, S, J, JM

scheme.]z‘]3 Then the W1gner—Eckart Theorem g1v¢s]4
’ (s:u"r',.\(s:) o . (3.1)
¥ TRy #1T, N
(LS'J'T l'T" lCS-Tf> = 4/—.2———3':4-_—5,__: (k ﬂ'l > .

where <J' kJMqlJJ > is a Clebsch-Gordan coeff1cent and sJ(lT [1s*a*) is

~2

a reduced matrix element (Whﬂch is "independent of JM and q). Applying

 Eq. (3.11) to the evaluation of the matrix -elements of &%: gives

e
-& Z4LSIL, YW ILST > = | o
, : .

-€. 2, ¥ & (TR AZ NI, Kz, WNJ \2 '(5.12) |
o

where the radial and angular integrations have'oeeh separated. Now, the
Z.  may be replaced by operator equivalents as was done with the crystal-

no
4,9

field tetm of the spin-Hamiltonian. Then ‘thé reduced matrix element

+in Eq. (3.12) becomes (J'Jﬁl[On[[J,QM) , which is uflally genoted by 8,

" (some authors use K ). The values for 6 ‘for a given ion are found by

.

directly 1ntegratmﬁ§ between single- e]ectron wavefunctions. The last
' o

factor in Eq. (3 12} becomes of’ the form < |0 | >. The numerical values
of these elements are (apart from normalization constants) just

Clebsch-Gordan coefficents as is consistent with Eq. (3.11).
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Exph‘cit]y, the re]ation'between the Z and the 0 (alluded to .

s 3

\]

above) is def1ned via functwns f"c wﬂwh are such that

N

Z Jcnm ) : 97" <Y\x> 07"’ o ., ‘ (3.14)

A
v

Now, for most cases, the crystal symmetry is such that an?l = 0. "Thus,
‘ ) LT ’ 4,

with

‘one may write

' ‘ ___1 M A ) Coa.
-cs"'\/(x,?,,?y)‘= ’,L% A»‘Jc,,m(x’”’” > (3.15)

where

. /b/c o«
A r = C“.Q) X ( a numerical factor occum’ng in an). (3.16)

(Thus;f becom';:'-
22 A, f,,,,,( 8,3 |
=z{,An.<v~>e~}0,,~~ e

The Am in this expression are the crysta]-fie'ld parameters. Explicitly,

the A are given by
L ()

/4 = —/e/ Zf = o (3."1‘8)

1

where (for n :‘2,4) one has Y:
* T
Z' - 23" R (3.19A)
. : 4 7 , ‘ t-
= o« 2 X248 L " (3.198)
4 RS '
) o _ 1 35’3-—303—)’“+37‘
Zy = Ve v ; (3.19C)
72z _{_(73' 7‘)(""#)
# 16 orY (3.19D)
o # i, o ¥
Z“ = 25 % -b6x*J t+ 4 , s
Z 7 T : ; (3.19E)

Y ! b
]

It is customary 1n ca]cu]atmg the A to take into account the fact
that the magnet1c e]ectrons (in the 4f shell in the case of the rare

earths) are sh1e1ded from the crystal field by the outer filled shell. )

ZC = (eolsT) 5: /{ *’ \ - " - .(3-]3)

a
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Tﬁis is done by 1nfroﬁhcing a shieldiné constantlz, Yq (not to be con-.
.fused with the y occur1ng in Eq. (3.7)). ,jhus, Aﬂ ii'rég1aced by A?Yn
in Eq (3.17). W1thrth1s modification, if one compares Eq. (3.17) with
Eq.‘(2.11), there is found the following relation between the spin-Ham-
iltonian parameters B and the crystal- f1e]d parameters A , name]y,
B _A <Y"“}X9 - (320
At  this point there is great confusion in the 11terature.. This is because
many authors (in particular, wybourne]s) refer to 'crystal-field para- '

n

meters' as being the product A§<r > and then proceed. to denote this pro-

m . ey s . . . -
duct as Bn' Hence, it is often unclear if a given reference is referring

to CFPs or to SHPs. Secondly, theﬁﬁ%, per se} are not measurable exper-

ihenta]]y. What is measurable is the product A$<r">. Thus, when meésure-
: B

ments of CFPs are cited, it is this product, and ‘not Ag by itself, which

has been measured. Thirdly, the Bﬂ (SHPs) are also measurable. However,

from Eq. (3.20), a measurement of botq'CFPs and SHPs for the same crystal
can, at best, give the'ratio : .
»’. .
=Y. e, . S (3.21)
N 3+ Au <Y. >

But, for Gd~ , the ground-state-«splitting js not fully understood (as
will be discussed). Thus, one does not know what wévefunctions to use to -

. . L . \
calculate en. A]so,‘Yn is not measurable. Hence the experimental re-
sults are not &s helpful as one might think, in that they give only the

product of two unknowns (YJ and en), nbt either separately. ' i@ '

3.2 The Validity of the Parameterization_ Scheme

The crystal-field pérameterizatién scheme given above (Eqs: (3.17)
and (3.18)) apparently makes two tacit assumptions: (1) that the extended

ions.can be replaced by point charges, and (2) that the intératomic fo§7 \\
+ . \

ces in the crystal are of a Coulomb character. While the first assumption .

-

*»



" linear relationship, for n = 2, with Gd

N

14

is acceptab1§ (with the proviso_that one iﬁcfuae induced dipoles), the
second is %slse, as the actual interatomic potentials are known to de&jate
strongly from Coulomb behaviour. Thi; has naturally 1éd SOmé te queét-
fon the validity of the entire formulation. However, Newman has shown
tﬁat; despite this, the resulting §cheme is adequate and can ipcorporatg.
other mechanisms (of non-Coulomb grigin)lrelated to the 1igénd‘asﬁécts ~’:' K

.

of the field, such as overlap and covalency. Newman's argument is given . .~

in detail in Appendix A.
Another criti&iém which has peén made relates to the use of Eq. (3.20),.

this relation implying that the SHPs are 14near in the CFPs, whereas it

Zt), the relative signs of Bm

]6).‘

is known that, for S-state ions (Gd3+, Eu

and Aﬂ are differenfhfnqsimilar hqstg'(e.g. YVO4 and YPO4 dn the

other hand, there are many series of hosts for which one does have a’

3+ as the substituted ion. Exam—

ples are the lanthanide ethy]s'u]phates,3 hosts of the zjr;qn structure’,]6
plus studies on insulator data.]7 Also, Newman has indicated that(there

‘1§ good reason fo believe that, geﬁera]]y, the n = 2 parameters are lin- )

eér16 and he further argues this for n= 4-]?In addition, the assumption

of Tinearity has been used successfully by a number 6f authors, for ex-

ample, Bijvank et a1.'9721  »

. ‘ 2
This apparent paradox has been discussed by Barnes et a].z“ They

»

point out that, in general, the Bﬁ'versgg Aﬂ relation is linear for n =
2,4 for S-state lanthanide ions doping isostructural hosts, except for
those of the hexégona1 metal seqﬁence Sc, Y, and Lu and the cubic metal

sequence Pt, Pd, Ag, and Au; They propose that for these ‘anomalous'
! ’ ] Y

metals there exists an extra metallic process for S-state splittings

that is exIEeme]y sensitive to the electronic structure of the impurity qfu

J . [
.
- . —_—

4
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.term ‘dominates so the Bn versus AE relation is linear. .

]5 ., ‘ T . I3

A(Gd3+) vis a vis that ef the hosE metal. If this is the.case, it would

¢ 3

at least imply that the Tinearity assumption is valid for the, ser1es be- .

ing 1nvestlgated in th1s work, as the host metals are not among those
deseribed. as being anomalous. ‘ -
Another apprqaeh to this problem has been made by Adam et a1.23
They, in considering the problems inherent in the traditional crystal- f
field paremeterization scheme,. were ted to develop a crysta]—fiele Ham-
11ton1an free of the assumption reg%§g1ng the Coulomb nature %f inter-
atomic forces. This gave expressions for the CFPs consisting of a

series of powers <> o rather than a pure <r™> value as in Ag<r >, for

example. Otherwise, their parametric expression for the crystal-field
. ‘ A

‘potential in terms of spherical (Tesseral) harmonics is the usual one.

As this work (ﬁef:*23) is very recent, no numerical calculations have

i

yet been published by the authors. however,fif is possible that the
various terms in the expressions for a given CFP could be competing in

. ’ ’ N ‘ .
sign such that the overall sign varies from host-to-host iq those cases

where the Br/Ag ratio varies. In other cases it may be such that one

*

From all of the above consjderatjons it is evident ‘that, while the

(33

basic processes. are not well understood, the use of ‘the re]atlon given
!

by Eq. (3.20) is Just1f1ed for the hests being cons1dered in this work.

3.3 Ground-State Splitting Mechanisms for Gd3 . '

This section briefly discusses’the ez—value for'GH3+‘as it is re-

Qquired for the ca]cu]ations'which will be described later. .o

" The ground-state splitting of Gd3+ has long been an outstahdihg pro-

’ aoo .
blem. The various'at@empts to provide a satisfactory explanation have

\ on .
% “

LM

o -
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been reviewed by Wybournd, Newm n, @nd by Buckmaster et-al.”  The .

‘. Nt . 'l '
problem is that Gd3+, having a half-filled 4f7 shell, should have the

Q.. Thus,

ground term bejing 857/2 (from Hund'® vules'?), giving L

there should be no' L+3 cdup]ing,‘and one should have)fé 0 (working in

the Russe11—Séuhdérs approximation). The fact that a spectrum is observ-
ed (over and above that of the electronic Zeeman splitting) means that

. - { * -
there must be some'ﬁigher.states (terms) mixed in with the ground term.

’ . c S s . A " 24 T
. There are many mechanisms by which this mixing can occur. Newman™ has
’ i

v

discussed ten such mechanisms. waever, there are only two which give -
a sighificant contribution to the observed spiitting.3 The first of

these is ordinary intermediate coupling through which the higher-lying
6p 6
T2 7/2
t;ibution due to this has been ca1cu]ated by Hutchison et al.

D,,, terms are m1xed in with the 857/2 ground- term. The.con-

25.

and

The sec-

" ond (Wybourne ) is due to relativistic effects The sum of these effects

. 3+
gives 92 for Gd‘

‘ _ lel £ v 1 le] €
92=51§z"ww <T>+ 245 W, <R> (3.22)

where, for Gd3+, «rl> = 0.785 ag, £ = 1534 cm']

is the spin-orbit coup-

1ing parameter, Wp (= 32,200 cm']) and WD (= 40,000 cm_]) are the energy

8 8

differences between the states (6P7/2, and (607/2, 57/2), respec-

| , S172)

‘tivly, and <R%s = - 0.07 ag (ag = 0.52 R). The mechanisms which give
.;:{ . . ~

rise to 64 and 6, are not yet understood. ' s



) ' . Chapter 4

- " THE SUPERPOSITION MODEL
5 : ! s
{ - .
This chapter is concerned with the superposition model of Newman

AN ' .
: , (hereafter denotéd as SM)." (See Refs. 16 - 18, 24, 26 - 30.) Sec. 4.1:
briefly!outlines the model and descr%ﬁes a method “that has been aeve17
oped to determine the model parameters: Secs. 4.2 'and 4.3 describé the
" siibsequent application of this method to RF3 and RTH. Baséd on the re-
sults of thjs app]ication,~5ec. 4.4 showé how the Sﬂhmay be formu]aped

. so as to dézbuple metal-1ligand distance gffects from other factors

which maj influence the model parameters.

. o

4.1 Theory
The original mdtivat{gn for the Euperpositinlyodel was the obser-

vation that the cénveg}jona] electrostatic point-charge model'simp1y
: B cannot predict the experimentally observed values of the crystal-field

24 It was coqg]uded that the dominant'effects con-

Jparameters AﬂKrn>.
tributing to the CFPs were essentjhi]y 10c51 in character — effects
such ad covalency and over]ap. This being the case, it was assumed

that theJErysta1 field can be built up ('s@perposed') from the separate
contributions of each ibn‘in fhe'crystal, afthough, in practice, only '
fhe so-called coordinated ions i]igéhds) ére taken into account. Thg

z spheriéa] symmetry of the ions’then ensdres that éach contribution can

be represented as a cy]indrica]1y‘sxmmetﬁiclfie1d if the z axis of the.

- % 5

coordinate syétem is aligned Elohg the symmetry axis._ A given CFP,

A n .
An<r >, is then expressed as : -

™ e m 2 ” o
Al = 2 AL Kl (ei) - (a1

-
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Here, the coordination factors Kﬂ(e%, ¢i) are explicit functiéns of %%e
angular positions of thb 1jgands, and the,én(Rij, called iﬁtrinsic para-
meters, represent the axia]]& symmétric field due to a single Tigand at
a dis@éncé Ri\from the center\of the substituted barémagnétié ioq. |

<

(The expressions for g:(e, ¢) are given in Table I.) It is usually the

'

t o

case in a given crystal that the range of R-values fé? the ligands is
qu}te sma11."_Thus, it is assumed that the‘A(Rb can be represented in
terms of two parameters: a value A(Ro) at the average diStance; éo, 6%
the ligands {from the substituted paramagnetic ion), and a poﬁer‘ﬂaw; ‘
t,» such, that | o -
" \ S
A, (R) = E,,(k.)(‘%_‘)h T A
If the coordinated 1igahds are of more than one type (e.g.' éome 02-,
and‘ébme Fo, say),bﬁfen separate parameters (An(Ro), tn) héve to be
introduced for each type. , ‘
As is evident from the above, the SM, in\ifs’origina] form; eg]t\
only with CFPs. Howngr, it can also be used to study SHPs if the're-.
lation between'A2<rn> and Bg is linear. The question of Tinearity hasl
be%p discussed in Chapter § If the relation is linear, fhen one hay“
express Ehs: (4.1) and (4. 2) in terms of SHPs, 1nstead of CFPs, as
*fu

3" = 3(@.)2( ) K(94>) - S

As wfli.be seen, the-resu]ts of this present work support the conten-

"tion that the second- and fourth-order barameter§ are linear. (As, for:

‘the sixth-order parameters, they are very small and difficult to mea-

sure accurately. Also, because of the high powers .involved (see Table I),

they-are extremely sensitﬁvé'to sma]] changes in the ionic positions.)
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. TABLE I. ~Va1‘ues of 'the cooraination factors 'K':(e, ¢) for m (even) 20
< {%
n m ’ K™
- n
3 k-
Z- 0 1(3cos’0-1) Ve
2 ) /
2 2 ‘1_ (3 sin ® cos 26) .
o ' -2 - :
T ° 4. ’ ;2
4 0 1(35cos” 6 -30cos” 6+ 3)
. 8 \ : .
20 .y .2 ' 3
4 2 . 5 (7 cos“06 = 1) sin® 8 cos 2¢
=
4 = 4 _?ﬁ( sin4 8 cos 4¢) ‘
5 ..
) \

6 0 1(231 cos® © - 315 cos® o + 105 cos” 6 - 5)
S . I | .
6 - 2 105 (16 cos® © - 16 sin? 0 cos? 0 + sin @) x

. 32 L Lo
. ) in o cos_ 2¢
A 2 4 ’
6 4 - 63 (11 cos”™ 8'- 1) 5in" 6 cos 4¢
16 ‘
R
"6 6 . ‘i(smﬁ 9 cos 6¢)°

P
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This relates to the main problem of the SM (and most models) — namely,
tr{at t}he substjtuted paramagnetic ion, beirijeither undersized or over-

sized compared to the host paramagnetic ion, produces distortions which+

. make the coordination factors KI:(ei’ ¢1.) doubtful for just thoge ions

which are supposed to make the largest contribution to the crystal

field. Consequently, the sixth-order parameters will not be considered

here.
.

The conventional way to determine the parameters Bn(Ro) and t'n is
simply to\a'pply a least-squares. ﬁ'tt{ng procedure to the experimental
datalf’or each value of n. However, Mis'ra‘et a]‘ 3 have demonstrated a
method of determmmg theqparameter va]ues by exp1o1t1ng the se]f—

consistency of the model. This 1is based on the fact that if one defines

Pn(t 2’( e ‘h)(k) | (4.4)

Padl

then, taking the case of n = 2, B (Ro) can be expressed either as -

B(r) = B /177_ (t.) = B, (a) (4.5)
B (e) = B/P(6) =B (B 4

Clearly, consistency reqyires that the v‘a]ue of t2 be such that

Il

BZ(A) = BZ(B), or, equivalently, that
E(t) B,(A) -8B, B = o.
B, (3) ‘

(4.7)

" Now, if E(t 2) va]ues are calculated for a gwen crysta] for various

values of t,, one need not expect to get a "nul regult for Eq. (4.7) be-

cause local.distortion effects will Most Tikely have affected the K'S'

"values in Eq. (4.4). However, it should be the case that one gets a t2

value that minimizes E(tz). With this”t2 ]value having been detenmned

-one then has two different4§7 values (one for m = 0, and one form = 2).

!
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In order to bring them closer together one can consider distortions in
the ionic positions. It is noted that, from Table I, if ond were' to

vary only the d)i‘ values then only the éZ(B) values would changé, as

BZ‘(A) is independent of ¢. (i.e. . is the azimuthal angle for a given
¢ is

ion and the codrdination factor Kg is independent of ¢, whereas K2

not.) A s1'm1‘§far procedure can also be done for the fourth-order para-

meters.

The above analysis was applied by Misra et 31.3] to RF, and by

3
Lewis and‘Misra32 to RTH.  This is described in the following sections.
. The details regarding the cell structure, lattice constants, and unit
cell parameters for both of these systems.are given in Appendix B.

’t

4.2 Application to RF3 - i .

The motivations.for studying the system ~RF3 (‘R=. La, Ce, Pr, Nd)
are: (i) the recent availability of wvery accurat; SHPs as reported by
Mi'sraL et ‘a‘l.33 In Re\f. 33, the parameters were evaluated by the appli-
cation of a rigorous least-squares fitting pt:()fedure?’4 in which all the”’
resonant EPR line positions ,o]btained for several orientations o.f the
external magnetic field are sfmu]tanﬁeous]y fi t_ted. (i1) very accurate
x-ray data are available on the RF3 crystals3§ to permit\a precise
évaluation of the required coordination factors s (1) the RF, being
anhydrous_, do not contain hydrogens (of .HZO mo]ecu]les) whose positions
ér‘e hard to determine by x-ray téchm’ques, and (iv) since the RF3 con-
stitute a homologous sle,ri.es, they are ideal. for the SM which is sen-
'sitive to small changes in atomi.c p;)sitions. ‘

For Rf:;, tr‘1e\ 1igands ‘are the nine nearest-neighbour F~ ions. The
‘positions of these ions for the four hosts are given in Table IT. Egs.

(4.5) and (4.6) were applied to eaqﬁ host-in order to evaluate é~2(A)

N
t . )
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TABLE II. Positions of the nine nearest-neighbour F"ions for RF3 used

in superposition model fits. A1l angles are in degrées, all distances

are in angstroms.

]

Ions 1 2,3 4,5 6,7 8,9
R 2.453 2.419, 2.466 2.473 2.604
LaF, o 0.0 118.13 90.56 69.19 150,07
~ ¢ 166.55 279.04 ' 32.44 72.64
~ o

| R .2.427 2.394" " 2.442 2.448> 2,578
CeF 8 0.0 118.13 90.56 69.19 150.06
0 . 166 ¥54 279.04 32.45 72.65
R . 2.410 2. 376 2.422 2.430 2.558
PrE; o 0.0 118.13 " 90.56 69.19  -150.08
'y . 166 . 56 279.05 32.42 72.63
R A 2.399 2. 366 2.415 2.420 - 2.548
. NdFg "0 0.0 118.13 90.56 69.20 150.04
‘. o 166.53  ° - 279.04 32.47 72.66

‘ ' »
R 2.349 . 2.317 2.367 2.370 2.496
6dFy 8. 0.0 | 118.13 90.56" 69.20  150.02
L 279.02 32.50 ° 7.2.67

166 . 52
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an‘dﬁ 52(8)'. These results are given explicitﬁl‘y for Nd in Table III and
‘plots of E(tz) VS, t2 for the foqr hosts are given in Fig. 1. It_ is
seen that the minima for E(tz) oc‘cur‘for t2 =9+ 1. The value of

>

t, = 9 was used for further considerations. For the fourth-order para-

2
meters, the three/vglﬁes f;)r‘ §4 (c’orr‘esponding tom=20, 2, 4) were
ca]c-u’ra‘ﬁaa./For t = 14 the average deviation in the mean of these ,
vaiue,s' was a rﬁ‘inimum. (See}Tab]e I11.) hus, t4 'was taken to have‘the \
v;Iue 14. (Note that it ‘is conventional to write,Bz =3 §2, 54 = 60 §4.)
| . Hav‘i'ng deterr;n'ned the power Taws, the values of,q>i for eight neigh-
“bours '(Nos: 2 - 9 inTable II) were vgri‘ed so as to bring BZ(B) into
agreement with .§2(A). "(Ion NO"J. has. ¢>] = 0° and he;1ce‘¢] is not de-
fined.) The results are given'in Table IV. It ¥s seen there -that var- .
iations o‘f\Acb within +3° give fractional differences;. in the B values of
‘ the order of 0.2 %. These same sets't;f A¢ values are used to calculate
the intrinsic parameters for the fourth-order case..‘ (The results for
all cases are given in‘Table V.) “Them, for both orders, one .can také
the average value of the intrinsic parameters so determined and then
use. the previously determined tn values in order to calculate the'B':]“
values. These results afe given in Tapl‘e VI, which a]so‘h'sts the ex-

pgrirﬁenta] values. It can be .seen’ there that, taking into accounjt the
experimgnta] error of +0.010 GHz, the agre'ement“i's perfect fo,r al'l ex-
cept the BZ values in the cases of LaF3 and CeF3 where the agreeme.nt'
between. t’heory‘andaexperiment cén be considered reasoﬁab]y close.

It is \a]so poted, ‘for- future reference,’ that the 62 values so det-
eﬁninéd, are linear in the host-ion radius. | .

3 sHps, the

In almost all previous applications of the SM to'Gd

- crystal‘_synﬁneﬁrfy has been such that the pa\rameter Bg was identically

Y
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TABLE III.’ VaTueés for \b‘2 4

3+, . s $asiq oM .
for Gd™ in NdF3 without d1stqrt1ons~. A1l bn are expressed in GHz.

and b as a function of the power law exponen{c‘

- > - _ )
(Note: .b2= 3 Bz, b4 = 60 BA)

N T
v

1 3.510 0.743  0.0155 0.0349 0.0216

2 . 4.855 | 1.175 0.0159 0.0322 0.0218

3 7,473 2.627 ' 0.0163 . 0.0300 +0.0220.

4 14.730 -14.764 0.0167  0.:0283 0.0222

5 129.293 12,019 0.0171 _  0.0269 0.0224

6 -21.231 -1.107 0.0176 0.0258 0.0226

7 -10.307 . -0.774 ) 0.0180 0.0248°  0.0228"
8 . .7.022  -0.601- 7 0.0185 0.0240 - 0.0230

9 . -5.446 - -0.495  0.0190 0.0234 0.0232

10 -4.526 © -0.424 0.0195 0.0228,  0.0234
T .3.925 -0.372° 0.0200 0.0224 0.0236.
12 -3.505 -0.333 .0.0205 0.0220 0.0238
13 -3.197 -0.303 0.0211 0.0216 0.0240

14 2,963 ' -0.279 0.0216 0.0214  0.0242 . .

15 " .2.781 -0.259 . 0.0222 - 0.0211 - '0.0244
6 -2.636 ©-0.242. ~ .0.0228 - 0.0209 0.0246
18 . -2.434  °  -0.216 0.0241 0.0207 0.0250
20 - -2.291. -0.196 0.0255 0.0205 - 0.0254
22 -2.192 . -0.181° - 0.0269 - 0.0204 ~  0.0257
.2 -2.124. -0.169 ' - 0.0285 .  0.0204 _ 0.0261
© 0,0205 0.0265

6. = -2.079 -0.158 0.0302

-
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TABLE IV. The angu]iar distortions AL (i = 2,9) to bring close together

- 9 — '
the b2 values as obtained from bg and bg. Abzrepres‘ents the per-cent |

difference [Bz(m. = 2) - Bz(m = (.J)]><['100/t;2(m = 0)]. bn are expréssed‘in

GHz. The *'s yndicate the deviatidns used for theoretical calculations e

f

of parameters b'rr: as given in Table VI.

1

O N L

>

Host '52£m =Q) 52(%)

>
©
~
>
=
o]
>
&
w

¢F 7 , ;

CLaf, -4.45 0.18 7% 20 -1° P 3
Cef, -4.879. 0.54 -3°% 2% % a%F S R b

: 3% 2 0® o 22 a2

:Prl-;\é -4.9% 001 =30 20 -1 ot 1t 3t a0
| ) “_ao* _ o*l L ,_(]o* ox  jok ook ok

NoF, 5472 0.13 0% ¢ 30 20 1 3 % ¢

_ 0° o -3 2 3 3 3 X
00* 00* . _20* -30* -30* 30* __]O* 30*
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« TABLE V. The values of En (in GHz) as obtained for different m values

using the deviations ATp]. ‘siven by Table 1V.

. | . by
. Host m=0 2 -0 - 2 4
o . .
LaF,. -4.457 -4..465 0.018 0.018° 0.031
CeF ' -4.879 -4.853 0.0  * 0.020 - 0.035
PrF, -4.93%  ° -4.935 - 0.019 0.020 0.026
. s \ . \ R . .
NdF -5.472 -5.479 0.022 0.021 . 0.0%5
\
i
. '1
i \
. ) ‘ | A
I‘ ' 3
I 1
o
.‘ 4 ~
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TABLE VI. The vaiues of the théoreticai and experimental spin-Hamiltonian
‘parameters b? (GHz). Thg.angular deviations as given in Table IV have
been used for theoretical parameters. The Bn values used for theoretical
parameters which are the averages sf values for different m's.aﬁe also

given. (Eigﬁ:,stands for experimehta] value, while theor. staﬁds for

theoretical vg]ue.)‘

LaF3 { CeF3 PrF3, 'NdF3

Expt. Theor. Expt. Theor. Expt. Theor. \Exbt. Theor.

7
! M . « 4

by 0.694 0.695 01733 0.731 0.774 0.744 0.802° 0.803
b5 -03083 -0.083 .-0.055 -0.055 -0.081 -0.081 -0.148 -0.148
by 0.016 0.020 0.018 0.022 0.017 0.019 0.019 - 0:020
b 0.066 0.083 0.076 0.09 0.077 0.084 0.081 0.087
by . 0.117 0.084 0.144 0.104 0.117 0.097 0.130 0.118
b, o -A.461 -4.866 ©-4.934. -5.476
b, - 0.022 0.0256 ,  0.0220 0.022

i / i

a

N

. .
< [
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‘sHPs have been reported by Mlsra and Sharp

“for E(t2), no attempt was made to introduce angular distortion in this

\_\_S/ ,

‘s

v
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zero, unlike the situation with the RF3 hosts considered:here. Thus,
the application of the SM to RF3 hosts has subjected the model to a

rigorous cons1stency test. 'The fact that the mode] succeeds in passing

the test w1th such small distortions of the angu]ar pos1t1ons further

\

estab11shes the va11d1ty of thp mode] for the‘RF3 hosts

-

’

4 3 App]1cat1on to RTH

The crysta]s RCY., 6H 0 (RTH) R = Nd, §ﬁ Eu Tb, Dy, Ho: Er, Tm'
L 4

3
form a homo]ogous series conta1n1ng rare- earth 1ons whose jonic radii

~ )
are both\]arger and sma11er than that of the subst1tuted Gd3

“

This contrasts with the prev1ous system (RF3)"where the host radii weré )

all larger than Gd3+. Precwse experimental va]ues for the relevant

36 and by Misra et 51 37 The
i CL,
ligands areisix oxygen. ions (02'), the positions of which are given in.

Table VIILN The procedure described in Sec. 4.1 wﬁs applied to this

series by-Lewis and Misra. 32 In contrast to the RF3 case, it\washfbund
) .

A

that there are values of t for each(hostﬁfor which E(tz) iS’identica11y°

o

zero. Thus one 1mmed1ate1y gets ths.correspond1ng value for @ Thé‘

o

results are given’in Table VITI. ‘Because of the nu11 values obtained

-

case.
o

In regard to the fourth-order parameters, the vnlues-for't4 bb-

A

taihed by this method were extremely large.in magnitude, negative

(t, ~ -100);"and widely different from host to host. This was taken to

4

4

be unreasonab]e and-was attributed to-the d1stort1on sens1t1v1ty of the .

fourth -order parameters for th1s particular crysta1, or to the fact

that 02 jons are extremely sens1t1ve to: changes in 1on1c1ty wh1ch

may be induced as one goes, from host to host.]8 From Table VIII it is
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* TABLE -VII. Position$ for the six nearest-neighbour 0 ions for RTH .

used in superposition model«fits. The value' of the‘radius vectory r,- is

aiso given. Al1 units are in angstroms. For a given host,.only the

. L 2 )
positions (x, y, z) for three ions are given. The coordinates for, the

‘ 2

other three may be obtained from (-x, -y, z).

-

Host - X Y z‘ o
. .
4
N - 2.0529 1.0741 . -0.6930 2.4183
-1.5882 ' " 0.1594 1.8038 2.4086
0.0366 -2.2355 0.9682 2.4364
! . / .
Sm 2.1330 . 0.9487 -0.6878 2.4334
-1.5802 . 0.2531 " 1.7901 2.4011
- -0.1216 -2.2292 . 0.9609 2.4305
Eu .16 0.8822 -0.6447 © 2.4329
-1.5722 - 0.3022 1.7846 2.3975
-0.1887 *  -2.2261 0.9580 2.4308
Tb . 2.089 . 0.9936 -0.6836 2.4127
S -1.5747 . 0.2141 1.7792 2.3856
,. -0.0584 ©  -2.2194 - 0.9550 2.4169
Dy .  2.0972 0.9636 . -0.6815 _ 2.4064
-1.5680 0.2345 1.7737 ¢ 2.3790
-0.0868 -2.2136 0.952]1 244122
Ho N 2.0976 0.9414 -0.6794 2.3974
15602 0.2478 1.7683 2.3712
20.1052 ~2.2054 0.9491 ° 2.4033.
Er 2. 35/’ 0.9050 -0.6794 2.3974°
i -1.5552 0.2741 >  1.7683 2.3707
-0.144 -2.2016 . 0.9491 2.4018
Tn 2.1236 0.8656 0.6773  ,  2.3912
Co -1.5464 0.3008 1.7628 2.3642
o -0.1821 -2.1939 0.9462 2.3961




o
3

v

‘seen thaf the t2 values obtained (except for one) are negative. One

© e wou]d ant1c1pate a Er10r1 that they should be pos1t1ve (ions farther '
away contr1but1ng less), but’ there is no abso]ute restriction that this

need be so. Indeed  Edgar and Newman3 have reported t2 < 0 for Gd‘ HEEE

38

CaF and Buzaré et al.”™ have reported t, < 0 for RbCaF3. Also, Newman

3+

et al. have exp]1c1tly stated that tz can be nega;ive'for Gd and

,‘Eu2+.

4

Also, from Tab]e,VIII,'one notes that, the way in which t varies

-

depends on whether the ionic rad1us, £ of the corresponding rare-earth

host is greater oh less than that of the subst1tuted Gd3+ ion (r

Gd -~
0.938 R . This may be seen from Fig. 2 where plots of t2 vs. ' r give .

separate straight lines in the two-regions: r < rad and r > Tad 1f

one now considers Ry (= RN(1§3, the distance of the nearest 02" ion from
Gd3+ for a given host, one finds that a plot of } Vs, RN for the various
.hosts (see Fig. 3) gives two sebarete straight lines of slightly d%ff—
erent slope if'the‘cases ro<reg and r o> er are considered separate1y
Thus, plots of t2 vs. RNAalso give separate straight Tinés qs shown in
‘F1g; 4. ‘}f one considers the ty vs. RN equations for these lines, as
‘ determined from a 1east:squares fit, one fihds (defining t( (= f((%))

as being values of t2 for which r'< red’ and similarly for t>);

: 4, =f,‘sqa.3«;(e,{ ~2.395) . (a.8) .

t, = 3L126 (R, - 2.409) e

| - A o

\

, NI 3 \ ' L
The numbers in the brackets .in Eqs. (4.8) and (4.9) have an average value
of 2.402 R. This may be compared with the value of R, for RTH which is

N
1

Ve
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TABLE VIII.™ Superposition model results for the parameters 52 (GHz)’

and t

for RTH. The values for the host-ion radii (R) ara also given.

2. \
Host t bz(GHz) " r(R)
Na 066 . e -3.106 - 0.995
sm © meso, ;22229 0.964,
Eu 17.412 .964 " 0.950
Tb -'3.943 . -2.851 0.923
Dy - 5.704 © 279 " 0.908
Ho - - 5000 - -2.870; 0.894
Er -10.247 o 2.172 0.881
Tm 2.4 2784 0.869
-/lﬁ
‘ d “
.
] s ) L \( |
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“2.40¢ K. One may then approximate Eqs..(4.8) and (4.9) as

t><\ = lcz?< (R, -R.) - - (4o

.Eq. (4.10) has the advantage that it decouples, from tz,‘va}iatidns due

. to mgta]-]igand distance effects thus enabling one to coﬁceﬁtréte oh

other factors which give rise to the specific value of’k,.* It could also
explain why, for some series, success has been obtained by taking t2 to
be rough1y constant, whereas for RTH there is a wide variation from host-

to-host. For example, as mgntioned in Sec. 4.2 for RF3, the values found

* for t, were in the range 9 + 1. The aQerage_change in the value of

L]

N " R, (for an undistorted lattice) in going form host to host in that

series is about 25 %. In the present case (RTH), the correspondqig

change is about 65 %. '

In regard to the Ez values, it is seen from Table VIII that the value
Gd)
0.037 GHz, with an average deviation from the mean of 1.3 %. For Ar > 0, *

for Ez for Ar (= Pe- ¥ < 0 is constant; i.e. BZ(Ar < 0) =2.815 #
it is also seen from Fig. 5 that BZ(Ar > 0) varies linearly with the

host-ion radius. Hence, it will also vary lineariy with RN. The relation,

’

. from a least- squares fit, is g1ven as

(AY‘ >o) = ~'/o06. 94-75' (,?A/ - 2390). 4 ]]‘)

The number in the bracket may be compared with the average value of RN for

“the various hosts, RN = 2.385 R. Hence, one may express Eq. (4.11) a

) £ _ ‘ .
R, (R, - R,) - * (4.12)

Similarly, for Ar <O, ‘ ' .

3. =k, . - (413)

2¢ J<

“where ;'refers to 'intrinsic'. Eqs. (4.12) and (4 13) indicate that one

"is able to separate out the distance depehdence of Bz‘from otheér effgcts.

/
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Relations similar to Egs. (4.10) and (4.12) are also found for RF3.

_ It was mentioned ih Sec 4.2 that 52’(for RF3) was linear in r (and hence

in ar). Also, for RF., t, is linear inr (except for Nd — an anomaly

3> "2
conceivably related to distortion effects) .

4.4 Analiéi - y ‘ e : : .
The resu]ts of the above app11cat1on of the SM to two crystal sys- .
tems suggest that oqg)can reformu]ate the mode] equations in such a way
as to.decoup1e met§1-1lgand distance effects from other factors which
infiuence the mode] parameférs " This has-been demonstrated by Lewis and
Mis;a32. Tak1ng into .account that BZ(R ) is host (R)- dependent, one may

put it as B (R Ro). Defining 61 = Ri - Ro, éq. (4.3) may be written as

5 A 5. )¢, hadPl
s ;23203,&){1 -y } o G ORE (4.14).
Clearly, [8f] <<.l1. Hence, Eq. (4.14) may be written as -
. Ry ‘ '
D > S C (4.15)
B -2 Eke){z -4 }K € q
Define now ¢
s, = K,-R, | S (4.8)
" and : ) :
vg,% = K, =K - : ' (87)

. Combinﬁhngqs (4 15) to (4.17) with Eqs.- (4.10), (4. 12 ), and (4. 13) gives

)
g;-j! b6 {1 -4, 5% )};( £ (s

- Substitutwng for 6. and rearranging gives .

Z{ég(l—é,‘ef Yo bk, ()}Kc),m
Z{A ’L‘g(}f‘}/(z"'(‘ﬁ (4.20)

-

or’



where K ) o 2 1 . |
i : _ o
~ <A =éa‘€0’(1"k><54/_> (4.21)

B (&) (kS e

The advantage of this formulation over the conventional one is that all

v

distance relations are°given by Gﬁ and dN s whidh‘gan'be easily calculat-

ed if one knows the crystal structure anq pnit cell parameters. This en- -

————

ables further ana]ysis\to concentrate on_the origin of thelggand k
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. . Chepter 54

THE‘POINT-CHARGE PLUS INDUCED-DI®OLE MODEL

:This ghapter describes'the point-charge plus indeced-dtpo1e (PCIﬂ) K
model. Sec. 5.1 reviews thelliterature re!ated to this.sort of an
approach, ahd Sec. 5:2:present§ the details of the PCID model. The
matter of atomic po]ari;abilities;,which is of importance te the hbde],
is diseussed in the next ehaptérf' The app]fcation of the model is des-
cribed in Chapter 7; | |
5.1 Review

‘Ever since the pioneering wdrh of Bethe,] mentioned at the outset,

. there has ex1sted the questlon of whether or not, in fact, the para-

-meters A arise so]e]y from the electrostatic po1nt charge f1e1d of the\
N ‘var1ous ions.in the-crystal.  Evem with the advent of electronic comput-
ers, a 'brute-force' method to compute the required 1attice'sums fs’prol :
h1b1t1ve1y expens1ve, ‘Thus, ene is 1ed to Emp1oy various summat1on

L

' methods wh1ch are such that the series involved: converge rapld]y The
most w1de]y used and eff1cent of these methods is that due to Ewald. 39

'{Th1s method is. d1scussed 1n deta11 in AppendiX C which also includes

extensions to the Ewald method which are required in the present work
The conc1us1on of the efforts of var1ous investigators over the

1ast f1fteen years is that the point-charge sums ggg se are simply 1n-
‘suff1cient to explaln the parameters. 24, 37 The 1og1ca1 extens1on of
th1s is to consider also the induced d1po]e f1e1d There are pr1mar11yi
three groups of 1nvest1gators which have cons1dered.th1s prob]em (AN
of these use Ewa]d s method.) Each will here be dlscussed br1ef1y

40

First, Faucher et el. have presented a po]ar1zab1e d1po1e mode)

)
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which was applied to Nd,0, and NdOZS: ‘They found that, while consider-

ation of dipole contributions improved the.resu1ts ( ver those for meho-
poles only), the ca1cu1ated value for Ag<r2> was of by'about 10b %, and
that for A2<r4> was off by about 50 %.

As will be discussed in detail ]ater, one needs, fir any dipole
ca]cu1at1on, the values for the atomlc polarizabilities

. jons in the crystal. Indeed, this 'is the crux of the dipole problem,

_as .thiese values are neithen known, nor directly measurablles nor cal-

culaple. Polarizability values are available for firee :}\ms (or ions),
5 \ :

. but these change when that atom is placed in a molecule or in a crystal.

This is known from the fact that molecular polarizabilities do not

'edual (i.e. are less than) the sum of -the constituent free atom polar-,

. iiabi]itiés. In other words, po]ar1zab111t1es are not add1t1ve A]so, /

\
polarizabilities (in si u) should be rgpresented by tensor quant1t1es,
41

not scalars. Further, froim Neumann's theorem, these tensors shgu]d

conform to the symmetry of the crystal involved. Howeher, Faucher et
al. have employed scalars and assumed additivity. They use the Lorentz
fonnu]a:42, Y B} . \ |

= I m-1 _
W | #m wr+1 - (5.1)

where a is the po]arﬁzabi]kty of the unit cell, V is.the unit cell vol-"

“ume, and n is the dndex of refractiop of the material (n= 1.91 for

Nd203) " Then, from th1s,//pv1ng ca]cu]ated a (= 8.5 K ) for the. un1t

- v
'6@11 they assumed a(Nd3 ) < a(O 7} and set a(O2 ) = A (Nd )

23

1A°. (i.e. 2x1 + 3x2=8). This method has four major |shortcomings:

(1) the Lorentz formula holds only for crystals with-cubic symmetry-,43

B A ‘
(ii) the indices of:refraction employed are"those as measured at optical

.
. ! ' . - ' :
' L} - v .
: -
. . . LI
4 . N

for the various

-



frequencies, whereas in, EPR one is usually employing microwave fre-

quencies. The polarizability values ape subject to dispersionlre1atidns
in. that they depend on the. applied fréquency. (iii)'Polarizabilities.

‘are not additive. (1v) No attempt has been made to account fJL the

2 o«

tensor nature of polarizability. o -
The second group working onLa polarizable dipole model 1is:that of
44-47 They have attempted to emp]oy‘tensor polar-

“

Malkin and co-workers.

izabilities in working with garngts. However, tiir tensors do not con-

t

" form to’the symmetry of the crystal and it is unclear from their pub-

lications just how their tensor components were determined. Also, their

results do not agree well with the experimental values,
19-21

The third group is that of Bijvank et atl. They employ sca]ar

po]ar1zab1]1t1es and allow for cons1derab1e d1stort1on in,the pos1t1on$

of a large number of fons. Their results (Gd3 - " ocaF, M - Li,

2’

Na, ... , Cs) for BY are off by 50 to 1000 %, and thase for B5 are of

2

. the wrong sign and are off in magnitude by 200 to 800 %. They claftm,

__nevertheless to have presented for'the firstrtime, - "clear-cut theoret-

1ca] exp]anat1on" of the Gd crystal f1e1d sp11tt1ng

As  will be seen, the present work produces theoret1ca] results

. (from the PCID model for RF3 and‘RTH)‘which are within exper1menta1

error. Conclusions and claims which may be drawn from this will be

discussed in due course. The present model will now be presented.
» A . \ ]

5.2 Details of the Present “Model ‘ . ,

7

In order-to extend the exppession\for the Aﬂ (Eq. (3.18)) to 1nc1ude\

d1po]es, one, may wr1te40

-—/e/ZJE z (ﬁ) /e 275 V(Zriz)) | .(5:2')-

o

Id

-
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This héy be ebalﬁated,qin pkincip]e,ﬁon]y if .one knowé the'vaiue for
P, (= pé(i), B = x, y,_z), the induced,di;o]e moment ét thelsitg of. the
ion” T.° . ( (E l? |) is the magnitude of the radius vector of ion i
w1th respect to the substituted Gd ion taken as origin ) " To deter¥

‘ mine p . one\requ1res the value of the electric field, f(x), at that ion
p

site. Th1s f1e1d, dengted as'gtot(]) or as {Eq(1 tot ga =% ¥, z),'
will be the sum of the monopole field, Ea(i),'and tie dipole field,

‘“»] '~E&(i), at that site.

' {E" ) }ror

The mpoﬁole field at Site i due to jons at’other sites k (k runs over

e . \
Y -7 ’ J v

E )+ EL) . - (53

]

.. a1l the ions in 'the crystal) is given by . ' /

. ' 1 \
Qﬂere'qk is the charge éékgite k. This sum mQy'be evaluated, for each ¥,
‘ﬁsxng Ewald's u(ghod (see Appendix C). In practice, the ;equired number
of different va1ues of 1 is restricted by symmetry cons1derat1ons, th1s

]

will be dlscussed later. k o ‘ \ . -‘r

The dipole potential, &', at the site of ion i (due to ions at

‘e
ey

/othér sites, k) is given by : o
. , : : -
| .,é = .'“g%. # ( lﬁ-ﬁ[) (58

Hence, thé‘cdfresponding electric dipole field is

ﬁ JE < -vE e
A L | = \
’ s Aih: (ﬁ.-m}cw»-wu Rl
) = 2 ,»l?‘;**-}l (5 6)
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Q (ki) = e RT T T axks (R D (57)

.w)wherg R = | | |rk \ Y. | a, B=X, y, z), one may write Eq. (5.6) in

[

component form as

E;(f$ .22 Oc)f’ (k) " (5.8)

S k#lop

- Now, the induced dipo]é’moment (component) at the site of a given ion,

>

k, 15 proport1ona1 to the total e]ectr1c field at that site, the pro-
po t1ona]1ty cons tant being the po]ar1zab111ty, . However, the value
ofEh is directionally dependent for an ion in a crystal. Hence, one
ﬁust spéak of ?he tensor aBY(k) (B, y =X, Y, z) at jon site fk\Thus,
tﬁe dipole momeht, (k), induced at the site of ion k by the total

electric field, {EY(k)} t’ is g1ven by
m,_i;,h(k), = % (k){E C/d}m_ ‘ (5'9)‘
or, in the present ndkation, by | '
balle) = T Xy () { Egtie) + Ey (R)] - o)

THis may be inverted to give S

-1 ’ : ‘ .
oL b ) = Epl) + Eyl) ()

. where o denotes the (matrix) inverse of a. The left-hand side of -

" Eq." (5.11) may be expressed as

oéﬂ-:(k)e’(k) zzv (k)}é,(/e)J ;- (5.12)
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Also, Eq. (5.8) may be wr1tten as

s,k = 3 Qy (ue b,(k) EEERNCREN

'Combining Egs. (5. 12) and (5. 13) with Eq_/;é 1EB g1ves

E%{.‘xﬂ; (")Skk' _\:Qy/g(g/@')}# (p,? = E, (Ie) , (s‘.izr‘)‘

‘Z’This is'an equation for each value of k and for each uelue of Y'(Y =
Xy ¥s Z), where k labels success1ve1y each of a tota] number of 2 ions
| in the unit cell. Thus, Eq. (5.14) const1tutes a set of linear equat- -
ions, 3¢ in number, in the unknowns pB(k'), where k' also ranges over
the ions in the unib cell. \This system can thence be solved for the "
pB(kﬁ), given the vaJues‘of ag (k).and E (k) for eéch‘i, and Q (kk')
“For each set k, k'. The determ1nat1on of the values to be used for the
B (k} will be d1scussed in Chapter 6. "As previously” ment1oned, the '
yalues for Ey(k) (see £Eq. (5.4)) can be evaluated by Ewald's method.
The‘same is true for the QYB(kk') values. '53
=~ In practice, the number of unknowns in Eo. (5.14) may be greatly
reduced from 3% (in number) by symmefry considerations. In general, the

<

positions of the ions in the unit ce]] oorrespond to severalsspeofes‘or
,sublattices,'1abe11ed‘j,_say; éach;of which will have a number of e
equfva*ent positions, say m. TFor example, see Appendix B.) éacn sub-
1att1ce corresponds to a subgroup of the overa11 space group of the
>crysta1 being consfﬁered. Ipe m equivalent positions of a given sub—
lattice can be generated by the group operat1ons associated with the
correspond1ng subgroup I fact the number m is equal to the number

of'e]ements (operatiqns) of the subgroup, and & is equa] to the number

"of subgroups of the space group that occur for that crysta]z "Now
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i

suppose that, in a given .sublattice, .a given atomic position vector

Eombonent is denoted by R(j, m, o), where j labels the sublatticé,

‘m labels the equivalent poéitibﬁ within that sublattice, and o = x, ¥, 2.
l:~ - ,l‘ : Theh the above discussion imp]%es thaf the R(j, m, o) for all m (for a

| l given j, a) can be genéfaféd frém any one of them, e.g. thatﬁcorres—-
pohdiﬁg to m='1, by operating on ﬁ(j, m, a)-with‘fhe corresponding

group oberators."These operatiohs will consist-either of translations,
denoted by T(j, m, a), which represents a.calumn vector, or by. reflec-

-

3 ' " tions or rotations, denoted by the matrix S(j, m, o', o). -That is, .for

, each (j, m) combination, one has

RGyw) = Tlim,u) + 2 S ) R(j 1,m!) - (515)
Now, as follows from Neumann's theorem, thefdipo1e”m0ments must corres-
pond to the same symmetry elements as the atomjc poﬁitidn’paraméters.
Meumann's theorem states thgt the symmetry oﬁerations,of‘any‘property :
of a crystal mu$t include the symhetfy operatﬁons of tﬁe point group of

‘i the crystal. In Eq. (5.15),‘the symmetry operations of the point group
. correspond to those operation;iwhich\dd not iﬁvo]vé tranS]atiqns.
Thus, in generating the values of the dipole moments for lattice sites
within a given sublattice, given the value of the dipole momeﬁt for
' one particular lattice site, ore may ignore the Tkj, m, o) ope}ator
‘\rin Eq. (5.15). The physical reason fdr this is that in measuring a
macroscopic property one would nof expect to de£ect the effect of a. o

\

_ translation that is orily a fraction of a unit ce11.48 That is, no -dis- \
tinction could be made between {S|T} and {S|0} (where {S|T}R = SR + T)."
" Thus, in Eq. (5.14), one mayatake as unknowns on]y‘one,ps(k')’for each

sublaftiCe.\ (This unknown will be called the reference unknown for .

H
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a particular sublattice.) The vé]uee fqr the other dipole moments in
that sublattice cah be.generated from this via re]atiens of the forh of
Eq. (5.15). Thus.the number of unknowns in Eq. (5.14) is reduced from

32 to 3j (recalling that 2 is the number of atoms in the unit cell

'whereas j is the number of d1fferent sub]att1ces in the un1t cell).

This may be reduced even further, because, if- w1th1n a given sublatt1ce

the group operat1on~qons1sts only of a trgns]at1on, then the\correspond-

ing dipoTe moment will be'zero Thus,'knowing in advance that this will

-

‘be the case, one can exclude these unknowns to beg1n with.

~tional Tab1es.

For a given sub]att1ce, Eq. (5.15) becomes, for the d1p01e'moments,_

L R = 25, o () b e) T e

where pB(k) is the reference unknown for that sublattice, and SaB(kk“)
is the matrix relating the components at site h to those at site k'.
These matrices may be determ1ned by 1nspect1on from the 11st1ngs of the
equ1va1ent positions for the RBO space groups as given in the {nterna— '
49
In the unit cell of t atomps, one can assign a number, called here
a k-labe],'to'eech atom. That is, the atoms~cen he 1ebe1]ed by

k=1,2, ... , 2. These.atoms will be grouped intq subTattices which

~can also be labelled using the index j = 1, 2, ... where the maximum

, va]ue of J equals the number of sublattices in the unit cell.- Onhe can

then def1ne f as be1ng the k-label of the f1rst atom in the Jth sub—

1att1ce For examp]e, 1n the case of RF3 (see Append1x B) there are 24

ions’ in the unit cell. Ilons No. 1 - 12lcorrespdnd to one fluorine (F(I))
. ’ v o
sublattice, Nos. 13 - 16 to fluorine (F(II)), Nos. 17 -'18 to F(LII),

and Nos. 19 - 24 to the rare-earth metal sites. Thus, k takes on the

~

bl
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values 1 to.24 (number\of~ioz§’in the unit cell), j takes the values
N ’ 1 ' f

4

1 to 4:(ﬁhmber of differentééubléttices), and %j-takes the ya]qeé 1,
13, 17, 19 correspofding ‘to the k-label of the ﬁirst‘atom-ihAeaph of* the

sublattices. Now define

1

IEx/s (kk?) = “x:('z)‘gkk'" “Qv/g:(‘é"') P (5.17)

Then, using Eq. (5.16) in Eq. (5:14), the sum in Eq. (5.14) will break
up into-separate sums over each of the sublattices, and each of these
sums will contain only one unknown, namely pB(fj), the dipole moment of

—

the first atom in a given sublattice.

J % | l |

. S = =tz - };-

where k =«f], f2, cee . Tﬁhs, one has 3j equations in 3j unknowns.

(For some cases, for a given fi and v, it may be known that pY(f{) = 0,

from symmetry. 'Thus the actual number of unknowns méy be less than 3j.)
As has been mentioned, all the factors in Eq. (5.18) are either

known, or can be explicitly calculated using Ewald's method, with the

“exception of the elements, o (k), of the polarizability tensor at a
- BY et .

given site.
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. inYuced by‘a field, E, is given by

[y

N Chapter 6 * .
POLARIZABILITY

[
.
. < - N

" This chapter p‘rovides the theoretical background for a number of

_ criteria that may be ed’ in the determir®ion of atomic polarizabili-

Ities(in crystals. (Sec. 6.1 develops a model which demons trates the rea-
sons _why in—'crysta1 olarizabilities differ from those of a free ion.
The next set;.tion dis;cusses the symmetry constraints placed c;n the p61ar-
izability tensor, while Sec. 6.3 treats some general guide]ine;. The
last section deals with how' polarizabilities differ in a homologous !

series of hosts. -

6.1 The Shell Model

The "purpose of this section is not to derive an explicit expression

for the polarizability tensor of a given jon. " This is not yet a feas-

p , :
ible proposition50 as theere are simply too many complexities in\fo'lved.

Rather, the purpose 1is,to demonstrate how the tensorial character of
polarizability in a crystal arises, and how this is related-to the free-
“jon po]yari zability. The treatment is based on the shell model of ' Dick

51

and Overhauser. They point out that the equivalence.of the shell

- model to a ‘more form'a'! quantum mechanical description has been demon-

strated. " Thus, given the purposes indicated above, it is sufficient
here to consider only a clas\si.qai trea tment ‘'of the problem.

As has already been noted (Eq. (5.9‘))‘, the atomic dipole moment, 3,

-

0
Cd

b =3F= xE - (6.1)

‘

where o is the polarizability, and g is the charge of the electron

PON
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cloud (sheﬁ]) of mass .m which is being displaced relative to' the atomic
core by an amount -¥.  There is a festoring force be&we;an the core and -
.the shell which is represented by an effectiye 'forc,e constant, k (speﬂ-
core spring constant). There will also be a velocity-dependent dampiing
ter"m,> B. (In a more genergl tr‘eatment,— B would be seen t\é be of
quantum-mechanical origin.) Thus, if one has (Ian' external field acting
of the form Eo'eiwt (w iS“'typicaNy in the microwave region for EPR), the

equation of motion (in one dimension) of the shell will be

I/ - < wt " '
mdx dx L -
pras M + kx =¢&C : (6.2)

_ﬂn‘s i's just the equation for a forced oscillator (the sheﬂ)\n’\th damp- i
. ' " \ )
+ing, Thus, the displacement, X, will be of the order of :

#.‘y"’ .
z = 85 St v (6.3)
b {( - ) + (B w) } i ) )
, Comparing this with Eq. (6.1)'gives o . L .
2 s .
’ ~~— : 1 -V'lr - / )
o< = ,f't; { =™ e (et} . (6.4)

In the static case (w=0,a=0ag), one has (defining %2 = k/m)

\\ : ; X, = ?7k« . ’ | (‘6' 5)

-

When polarizability values are quoted by various authors, it is this
static value that»i‘s being cited.' As is seen from Eq. (6.3), the ‘ |
actual value of interest- in EPR dipole ;110ments will bé f'requency-‘ -
dependént. i

| Now consider an ion ina'crystal as being made up of a core of ‘
charge Qk and a shell of charge'Qk‘ , with the io'm'c charge being QK

(=Qq + Q). Under the action of an'electric field, the shell is




ass'umed to move w'i th 'respect to the core while maintaj'n'ing its shlape.r_‘ﬂ
" As before?'one has a shell-core ‘force cbnsta‘n—t, now denoted as k'di, but,
in the crystal, there will also be a shor't-'range, force couph'ng ‘Jhis
shell to a neighbouring shell associated with ion K', say. The sheH-
shell force constant corresponding to this ﬁorce will be tensom ‘al in
form, dependmg on— thefdwectmn of K' relative to the electric ‘f1e1d.
Thus, this tenson' force constant will b\evdenoted\ SaB(KKI),(“’ g -J_-x, Ys
z). Further, let E(K) be the displacement of the Kth shell relative to
its core. . Under the action of a field, the force Q" E(K) acting‘ on the
Kth shell will be balanced by the shell-core f‘estormg force k D(K~) and
by the shell-shell forces due to nei ghbourmg sheHs K' Each of the

Tatter will be of the form of the product of S(KK' ) with D(K) - E(K‘),.

the relative displacement of core K' with respect to core K. ‘Thus one’

has > ‘
QUE, (k) = b, %’k) ] N(.«){p (k) - B (k)} {6.6)
or |
QK“ E/,(K) = K'*k Y{k Skk /s{ + X(kk) } Dl/(k) ’
T K'aK %’ i (Kk‘) Py () - ' (9'7)

] In the last term in Eq. (6 7) for ions K/s1tuated around ion K, the
factors D (K ) wiTl tend to cancel in the sum _(the force constants, S,
are 1ntr1ns1caﬂy pos.mve). It is thhs assumed that this sum is neg- F
1igible in comparison to the ﬁrst sum in€q. (6 7). Now, m the

current notatwr}, the dipole moment of ion K-is given by

f;,(k,) = @ -‘.D/,\(K) L N (6.8)

\ But, DB(K) may be obtained from the matrix inverse of Eq. (6.‘7 ('keeping
: ) . N '

4
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pniy the first term in ‘tha.t equation) .

L3

)
"

' o ' -1 o ‘ )

D) = G k%k{k.( §ee é‘e{ + S/,.X(kk‘)}- E, () .- .- (:’6.9) 

'S , ‘ , : )
The polarizability elements for ion K may be written as

,.‘ SN S ' -, ' | .
Oy (‘F) = E’Qf) Ex.(tc) o o (5,19)1

' Substituting Eq. (6.9) into Eq. (6.8), and then Eq. (6.8) into Eq..(6.10)
. T .

- gives

Xy (k) = {2 D0} E )

{QK“’[ Qk“‘. (k‘ gkk‘ é;.sl')’ {

Sf;x",(kk‘.)) E,(k>]} £ o) “.\

1

n? N
Q (k.K SM, + KZ y(kk)) \ (6.11)
. Noting Eq. (6.5), Eq. (6.11) may be expressed as |

1 .
Odﬂx(l() = oC (.k)( px + E K# /’Y(kk)) (6]2)

T

(Here the exponent denotes the matNx inverse. In this contex.t, 'a;, is.
written in the form of a diag‘onal‘matri‘x with each diagonal element
equa] to ao ) From this'it can be seen that the free-ion po]ar1zab1hty
\'“15 modified by the neighboum ng ions in the cr‘ystal such that the
resulting po1amzab111f:y is in the form of a tensor.‘
Eq. (6.12), as 15, does not inclhude exchange effects arising frqm
the Pauli exclusw\n pr1nc1p1e For t'he iohs to repel, they must ove\r-’l

'lap, and, in the region of over]ap, the exclusion pr1nc1p1e will ‘act to

“

) ) ’ A
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r‘edJucer 4the electron charge density and to redistribute the chérges on

the fons. Thé region of reduced charge may t;e considéred,,e1ectro--

staticaﬂ‘y;' to be a region of“super‘posed positive charge which may be-

. modeHed by plac1 ng a pos1t1ve 'exchange charge > Qg ON, the Tline

-

Jo1n1ng the centers of adJacent ion §hells.. Total. electric neutrahty
“is preserved by alsh'ght enhancement of the- shell charges. This is

equivalent to ir'ep’lam:ng Q“ y in Eqs‘ (6.11) and (6.12), by Q" + QD’

- where QD is referred to as the exchgange charge parameter.

6.2 Symmetry Consi deratwns

I

Havmg shown that the po]ar1zab1hty, a, must be in the form of a -

" tensor, it is now cons1dered ‘how, synmetry constramts reducg\the number

e
1

of i ndepéndeht elements’ gy

Fi rst t1me reversa] invariance requires that the tensor be ﬁ

. metmc.,52 i.e. o, = aYB' Th1s may also be argued ‘to be the ca

. BY Pl
.the  grounds that ‘the electric field is conservatwe.53

Second, it has been noted (Sec. 5.2) that the position coordinates

ro; of an ion in a given sublattice are related to the other equivalent

e 1

" positions r_ in that sublattice' by

B

% =2 St C 63y

whére § ' are the e]ements of one of the point group operators for that

o
sublattice., S1mﬂar1y, it has been seen that- any vector descm b1ng a:

physical property of a crystg] mus t also,transform in the same way as -

¢

do the o Let p and q' be two"suc.h vectors. Then

ﬁ‘.’ ,S ﬁ/;/g | - (6.14)

\

ty

The correspondmg 1nverse transformatwn for q is (notmg that S s

P
e

Ve
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unitary) !
T . ’ “ ‘ \ -
N _ 2 . ‘ - )
Fe = 12 Seuc 72 : (6.15)
Now suppose that' p and q are related by 2 (secand rank) tensor, T.
“Then L B o : . .
N I B e
The trans formed equation is then ‘
B S . ’ - (6.17
#x . "" \ﬁ A’,A ?/ oo ( )
But, from Eqs. (6.14) - (6.16), . S N
' ' 2 S " '\
\ ’ be. = 7 #/3 ’
e ¥

i
WM

O
™~
<M "
\,\3 C
Q(

NS
N

il

,gz Swfs(g ;V(Z Ssz/fx))‘“g

Comparison of Eqs. (6.17) and -(6.18) gives (on re]abel_ling tﬁe dummy
“subscripts) ,‘ . . -
- + . *
I ‘ - ) T, .
T,(/, = % S«x T (Ssa) = & Swv Ses Ly - (69
Now recall that the operators, S, are operators of the point group of

the cell and that Neumann's theoren reqmres "that the transformed T be

b
indistinguishable from the original. Thus, the prime in Eq. (6.19) may
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be omitted: ' o ' -
= 2 .
Ts = &Sy Ses Tyg - , (620

That this places severe constraints on T “may be seen by considering an
example — the monochmc crystal system THis is charactemzed b_y in-

vari ance “under a ]80° rotation about the y axis.  Thus one has . )
' S - 1 o o \ )
f wg = °© 1 o | . (6.21)
(4] S -1 . .

App1ying Eq. (6.20), and using the value for S .as given by Eq. (6.21)

af
g1ves Tn = a”anTn + a”a]ZT]2 too. = (1)1 )T” + 0 or T” = T”.

On the other hand, one gets T]2 = - T]2 which requires T]2 = 0. Proceed-
ing in a similar fashion, it is seen that tensors describing the physical
properties of a monoclinic crystal must be of the form

- 3
To(/g = o' 7, o _ (6.22)
Tys o T3 ) .
Thus the number of independent elements 1is, in this case, reduced to four.

~

6.3 General Considerations
Having seen that ‘the polarizability tensor for a given ion must

conform to the symetry of the crystal, and that this reduces the num-

“ber of independent elements, there still remains the question as to the

numerical va]u"e to be assigned to these elements. It is not possible’to

50 Among thé complicat- |

answer thi‘s question via an ab initio approach.
ing fac’tors is the fact that the shéH-s'heH inter‘actﬁm; mentioned in
Sec. 6 1, redistributes the charge on the 1ons This causes a changé in.,
the polarization of the {ons which in turn a]ters the short- range sheﬁ-
}sheH interaction. Hence, one has a non-linkar feedback effect. This is
further complicated by the fact that it is ﬁot known hov{ much of the ion's

ch}lrge (electron cloud) is participating in the process. s#That is, the
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abilities are not additive.

¥

.ponents of

\ , . bl
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. values, for Qp in Eq. (6.12) are not known. Also, the positions of the

ions are not known exactly because of distortions produéed by -the sub-

'stitu},ed paramagnetic ion which will be either under- or over-sized com-

pared to the host paramagpetic ion. These distor'tj"ons will modify shell- ,

shell distances and hence the strength of the shell-shell coupling, which -

ir‘yturn will affect the polarizability values. Thus one may equect that, -

even in an igostructural homologous series, polarizabilities.will vary

due to variations in host-ion radii.' This is dj/scussed separately in L

-~ the next section'.'

As has E?eeq mentioned in Sec. 5.1, it is_, well known that pofariz-
50:51.54 1nat is, molecular polarizabilities
have 'been| found to be Tess that the 'sum of the free-atom poldri zabi]itie§
offuthe qonstituent atoms : This result is also predi;ted by most models
deah“ng with the polarizabilities: of ions in crystals. Because qf this,
it is usually taken to be the case that the polarizabﬂit;' of an ion in
a crystal is less tha;l, its free;ion va]ue: This may be seen nym Eq.
(6.12) (récaH that k and S*in that equaEion are positive quantities).
However, it is cohteivab]e\ that, in aﬁcrysta],‘ a given ion maylbaile its
polarizability increase (over 1'1':5 free-ion value), while that of ano_tr;er
spef:ies d"ecreags,'so that the overall po]arizal?ﬂi‘ty ié still less than

the sum of the free-ion values. Thi¥ could ozcur, with reference to

o

Eq. ‘(6.11), if there wer:e, for one i'on'type, an increase in its Q"('

<

value — i.e. an increase in the effective charge which participates in

.
LS o

the polarization process.

H

By

is of the order of magnitude of the cube of- the-atomic radius.
/_‘\ ' .

. with’

& ‘oo
»

Another factor fchaf can be taken as a guide in determining the,'-'com_— :

s the fact that the free-ion polarizability (units, R3) K

-]
w

P
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) reference to £q. (6.12), this, in the case of an ion in a crystal, may )

_ be taken as applying.to the approximate magnitude of the diagonal ele-

ments of the tensor. X

A further factor that can be used as a rough indicator {s,the Lor-
entzxrelation (Eq. (5.1)). From this it can be seen that a is related
to optical indices of refraction. Thus if one considers the m:isured

indices of refraction of a crystal along different symmetry ax (espec—

. ially in the case of birefringent c¢rystals), the ratios of these indices

can give a rough estimate of the relative size of the'diagonal tensor

components. | "

LY

It was ment1oned in the Tast section that one should expect that

~ . e

po]ar1zab111t1es will vary with host-ion radius. That is, the.polariz-

“hbi]ity of a given ioq\(say”F') will be different in differenﬁ rystals

(ih an isostructural series) depending on how great a differencé there

"is between the ionic.radfus of the host metal ﬁen‘and the substituted

[ R N CC »

metal ion. .
* A case re]at1ng to this has been reéorted in the study of [the elec-
tr1c field effect56 where a large effect was observed when the subst1tut-

ed paramagnetic jon (G&3+)

was small in relation to the cation it dis-
placed. In Ref. 56 it was taken-as being reasonable to assocjate this

es resulting from an increase in po]arizabi]it} with decreasing differ-
ence 1n the host rare- earth ion rad1us (rR) and the Gd3 jon ra 1us (er)

N
This may be;1nterpreted in light ofliﬁe above d1scuss1on on she] -shell

1nter£et1ons. (See Eq (6 12). ) As Ar (_ rp - er) 1ncreases,\th re
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sizéd substituted Gd3+; jon. This will lead to smaller inter-shell disr-

tances and thusto increased shell-shell interactions. This will give

larger, S(KK') values in Eq. (6.12) which will give smaller a(K) values.
. : i - -
Thus, one may conclude that a plot of polarizability versus Ar for a"

given ion should have a negative slope for 'R fad
Support for this conclusion may be drawn from the following

discussions, which relate to the notion of exchange' charge. The

exchange charge, q between two.]atoms may be expressed in terms of’

ex’
roverl'ap integrals. If a given atolm',\A, has oc'c'upied states

‘(1' =1,2, ..., nA) and atom B has occupied states uy (j = 1,
then the total exchange charge - 155] ( |
£, = 2lel 2 S R 2]
where sij is the overlap 1ntegra1 ) L '
- frewut e (5.24)
The va]u‘es of sij are critically dependent on the ion separatioﬁ and
hence are very _sensiv/ve to distortion effect§. The 1ntegrals S have '

57

been evaluated by- Léwdin®/ for LiC1 and NaCl for a number of 1nternug1ear-

separations,r.but it is only recently that the specific effects of distor-

54

' & . .
tion have been examined. This has been done by Satoh et al. They show

{
that the electric dipole moment due to the exchange charge may be written
as a function oﬂ,e, where £ is the fractionalf change in the interiom‘vc

separation produced by distortion, That is, if ‘a is the Qndistortgd '

separation, and 'a' is_the’ distort‘ed;separation, one has P
~ d, = a,( £ + 5'\) . B 4  (5.25)’
The relatmn 1s ‘ o . ’

e
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where U is the d1p01e moment and €y ) and r are combinations \of overlap -
d 1ntegrals In their ana]ys1s of s1x alkah hahdes they found that gen-
eraHy, one had: £ = - 0.03, n ~ +0. 11, g =-0.5. Presumably, for any

pair of closed-shell metal-non-metal jons, the signs of these parameters

would remain the same. Also, if one roughly takes

e N (7).
where o is the .(scalar) polarizability, then Ef. (6.26) could be written as
. , , 2 o

o = A + Be +cCce (6.28)

where A, B, C have the same sign as £, n, ¢ respectively. When one sub-

stitutes a paramagnetic ion (say Gd) with radius "ed which is such that

Ted <R where R is the radius of the host paramagnetic ion
(i.e. arz 'R = Tgq > 0)» the ions will tend to collapse towards the

resulting partial vacancy. Thus, ¢ will be negative; ¢ « - Ar or

aa - - ' Ar ' , ‘ ‘

— = € = -—'/é ‘ ’

a., - rg \ ' (6.29)

where k is a pos1t1ve constant of proportwnahty Differentiating

Eq. (6 28) with respect to e, gives ! - )
2 = P rzlE - - T (6.30) \
2 . ' . B S o

‘Using Eq. (6. 29 gives_"

-

= K +ZC\(—‘-/€.‘;I-‘) *
. L

- 2x = —(ié) +2z[£)c <v
‘, 3(4f) Y\tc Y‘,e . .
or . ! o

D¢ - -3 c'(ay) |
(4Y") 8 ~+ . ) ‘ ' (6.31)

. where B' >0 and C'<o0 (from the s1gns of n and ). Thus, for Ar >0,

"qne has deﬁmte]y ‘m< . For Ar < 0,_the ign of a_?%ﬂ_wiﬂ depend

on the magnitude of C' relative to B' which may lvary from cr?‘s?c‘él to
’ AT I teed '
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crysta‘l—., It is thus the case that a plot of o vs. Ar for r >0 .
shou]d gwe a negatwe s]ope, as was concluded at the egmmng of th1s
sectwn based on the e]ectmc field effect results. SRR
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) 1n the ca]culat1on Sec. 7 2 descr1bes and ana]yses the results fdr .

Chapter 7 L o i }

T - APPLICATION OF THE PCID MODEL. ‘ < /'

This chapter- describes the application of the theory of tﬁe previous
two chapters to. the isostructural serieé RTH and RF3 These are the
same systems whxch were discussed in regard to the. superpos1t10n m&de]

in Chapter 4, The f1rst section gives an out11ne of the steps 1nv01ved

RTH wh11e the 1ast section does the same for RF3 '
- 7. 1 Outline of the Procedure for, RTH ‘ (//’ .
’ The point-charge plus 1nduced -dipole model (PCID), as deseribed in ~:
Chapters 5 and 6, was applied by Lewis and M1sra58 to Gd3 : ]3.6H20 |

Eq. (5.17), (iv) use the EY(k) and P;B(kk') valyes .to determine the di-

pole moments from the,system of linear equations given by Eq. (5418),‘ \‘

(RTH), R = Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm; the details regarding the ~

unit ce]] structure‘of RTH and'the summation method are described in

Append1ces B and C respect1ve1y v

In short, the procedure is: (i) ca]culete the values‘of Ea(k)
(Eq (5 4)) for those values of o and k in the unit.cell forswhich one ;/*
knows, a priori, from symmetry, that_the reeult (for'E-(k)) is non-zero,
(i) calculate the values of QaB(ki) (Eu (5 7)), (111) use the consid-
erations of Ch. 6 to Qetermine trial values of aBy(k)’ and, then, w1th

the resulting Qas(ki), determine the values of Paa(kk ) as given by
P L ] |

!

(v) use these dipole moments in Eq. (5 2) to determine tﬁe Amfvalues, |
8 dee

;gnd finally (vi) use the cons1derat10ns of Sec 3.2 to beterm1ne the- B

values. (In the above, steps (i), (11), and (v ) emp]oy Ewald's method )

3
'
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within experimental "rror.

/

In dealing with the water molecules in RTH, one needs to know the

62

Values of the charges on the}oxygen and hydrogen ions. The charge d1s—

- tribution is not-uniquely known. For the present calcu]ations R the

charges - 2nlel and + n]el were taken for the oxygen and hydrogen 106i;
respect1ve1y Us1ng n =1, it was found that the magnitudes of the di
pole sums for, Bg and B2 were large, and of oppos1té,s1gn, compared to

their counterparts- for the point-charge sums. The va]ue of n wg& then

reduced. The effect of\tnis_was to greatly reduce the magnitude of the

dipole contributions, while giving a relatively small change in the
point-charge contributions. By further reduction of n it was bossib]e

to reduce the dipole values to such an extent that they, plus the point-

‘ charge\valués, were in‘approximate agreement with experiment. The polar-

izability trial values were then adjusted so as to bring: the results to

4

"The value of n which was found to g1ve good results was n =:0.21.

59

This compares w1th the resu]t of Burns™ who took n=0.30 to reprodncef

the values of the d1po1e moment in gaseous H20 The value of n=0.30

60 on the jonic character of- bonds

can also be deduceq~from Pauling's work
ﬂowevér, Both/of these references refen:to molecular H,0, and the values
are subject te considérab1e'uncertainty. This is a]] the more the case
when the HZO appears as ‘water of hydrat1on ina crystal |

Regardlng the po]ar1zab111ty va]ues, the- symmetry of,RTH (monoclinic)

requires a tensor of the formﬁ]
. one O Xxg
i "0 xtﬂj o . .

6(32, ' .0 ~“OC53“‘ a
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I As the RTH crystals are' not b1refr1ngent, it was assumed, for simplicity,
¢
that Oyy = ayy =a,, = aa Also, Jne writes ag = axz’= o The values

'of‘ad were taken initially to be equa] to ‘the free-ion values of the ions
in‘quest1on. For the rare-earths, these are (1n units of 33 62
d (1.23), Sm (1.11), Eu (1.06), T (0.97), by (0.94), Ho (0.90),
ﬁr (0.86), and Tm (0.83). Those for chlorine and oxygen are63:\
€17 *(2.97, also reported 3.05, 3.53), 027 (3.88). Mo value is available
for ﬂ+, although the molecular polariiabiliﬁy of.the H2 molecule is
“given by Birge®® as 0.79 &%, so the polarizability of H* should beof
~ the order of 0.40[33 (Note that the symbol HF , 1N th1s context, does
~not oendte‘a preton. .The hydrogen is bonded cova]ent]y to the oxygen
and thus has an effective fractional charge, as has been djscossed
" above. Hence, to speak of 'the polarizability'of H+ni5 to refer to the
‘ deformability of the e]ectroh cloud in which the hydrogen is situateq.)
These initial tria1 values for ay were allowed to vary from host-to- |
‘ host so as to agree best with the exper1menta] va]ues for the sp1n—

Ham11ton1an'parameters

All of the above is with reference to the second-order parameters

%). For the fourth-order parameters (B4, i, B:) the procedure

is idenfica], exoept that’ the value for 6 (see Sec. 3.3) is.not known.

0"
(.B2 and B
; However, one may determ1ne the values for A4 (m =0, 2, 4) using the same
* polarizabilities for each ion as were used for the second order parame—
~- ters. Having done this, it was found that good resu]ts were obta1ned
by taking B) ='c Al'(m = 0, 2, 4) where c = 3.524 x 107 &* is the same

for all hosts-and is independent ‘of m.
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7.2 Results and Analysis for RTH

It was found that the polarizabilities (a4), listed in Table IX,
' 0 .2 0

‘gave values of BZ’ Bz,'and B4 within experimental error for all hosts.

Although_ some simp]ifiéation has been made in choosing all the diagona]7

- . .elements to be the same, for a giveh ion, this still represents an
‘{mprovement over previous choices in that the non-zero off-diagonal .

‘elements (a,) are also taken into account. For'a given ion, the same

ya]ue of a, was chosen for all the hosts., The best'valués for 0o were’

found to be d:OO, 0.34, 2.22, and 0.31 K3 for (any) rare-earth (R3+),

“chlorine (C17), oxyden (02'), and hydrogen (H+) jons respectively.

Plots of 0y versus Ar are given in‘ﬁig.‘G. On the basis of these, the

.computed values for Bg and Bg are as listed in Table X, and those for

0 o2 4
Bg».B» and B

The polarizability values of Tab12 IX are consistent with the dis-

are in Table XI.

" cussion of Sec. 4.3 in that these values are considérabfy smaller than

thé free-ion values. For H+, the  values are in the range Q.42 + 0.03 33,

to be compared-with the crude free-ion estimate of 0.40 ﬂ3 giventin

Sec. 7.1. For C17, the values are within 3.04 = 0.40 R>; this is to be

compared with‘the'repdrted free-ion values of 2.97, 3.05, and 3.53 RB..

2-, tﬁe value is 3.79 33 as'compared to the free-ion value of

3.88 33. For the rare-earth hosts, all. the values are considerably ,
smaller than their free ion counterparts and show approximately the same

trend as the free-ion values except as discussed below. With fegard to
. , 2 ! .

‘~§he changes 1in oy as the host lattice.ds varied, onjsees that, for

re > req» both C1™ and H' have a negative slope (Fig. 6). This is in

~ accordance’ with the anmalysis of Sec. 6.4.
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TABLE IX. Polarizabilities (aa) fdr the vaf{ous ions in RTH hosts (K3).
e co d
Host - R 1 o W ar(x 1072 R)
Nd 0.85 .'*  2.68 3.79 0.414 +5.7
‘Sm 0.75 3.18 3.79 . 0.447 +2.6
Eu 0.70 3.44 379 " 0.460 4.2
T 0.65  2.69 . 3.79 0.416 a5
Dy- 0.63 2.72 - 3.719 0.415 -3.0
0.62 2,73 3.79 0.408 4.4
Er 0.59 2.91 3.79 0.412 -5.7
Tm 0.58 3.05 3 0.412 ~6.9:'
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" TABLE X., Segond-order spin-Hamiltonian

®

" Experimental error = + 0.01 GHz.

‘66

o

arameters bg (GHz) for RTH.

I

Host Index Point . Dipole

22 1.569] _2.8744

-1.3053

Total Experiment . Difference
Charge ' .
Nd 20 -0.8074 2.6655 1.8580 1.8550  0.0030
22 1.4600  -2.5186 ' - |-1.0585  -1.0650 0.0065
Sm 20 --0.8088 ~ 2.6752 1.8664 18640 0.0024
2 1538 26572 -1L.174 11120 -0.0054
Eu. 20 -0.7848  2.6412 1.8564 1.8540 0.0024 -
22° ' 1.537  -2.6809 1,148 -1.1500 . -0.0058
Tb 200 -0.8081 - 2.6862" 1.878] 1.8820 ©  -0.0039
2. 15489 -2.7406 ;71.1917n' 1.1910  -0.0007
Dy 20 . -0,8087  2.6834 1.8756 . 1.8830  -0.0074
22 15574 - -2.7758 - -1.2183  -1.2280 0.0097
Ho 20 ° -0.8157 2.7038 . 1.8881 - 1.8900  -0.0019
22 1.5656  -2.8068  -1.2412  -1.2410 .  -0.0002
Er 20  -0.8240 26754 1.8514 1.8430 0.0084
C @ 1653 28428 -1.2775 © -1.2760  -0.0015
™ 20 :-0.5237 27083~ 1.8846  1.8800  ,0.0046
-1.3110 0.0057 -




| 8
; TABLE XI. Fourth-order spin-Hamiltonian parameters)b? (10-2 GHz) for RTH.” .

txperimeﬁta] érror = + 0.01 GHz.

Host Index +Point Dipq}ei Total Experiment ' Difference :
Chafge ’ ‘ '

N 40 -3.07 -0.22 ~3.30 -3.30 . 0.00

42 -0.32 3.69 3.37 3.50 0.13

4 . :6.84 0.56 . -6.28  -1.40  -4.88
Sm 40 =31 -0.25 -3.36 -3.50 0.14

42 -1.32 3.51 2.20 2.30 -0.10

44 -5:32 . 0.86 - -4.46 1.00 - -4.56,

CEuc . 40 -3.12 20.25  -3.37 3.40 . 0.03
42 1,75 3.11 1.56 3.40  -1.84
a4 473  0.87 . -3.86 0.40  -4.26

T 40 -3.15  -0.25 ' -3.40 =3.70 0.30
42 -6.94 3.75 2.8 2.40 ©  0.4]
44 579~ 0.78 _ -5.00 -0.40  -4.60
Dy 40 . -3.17 - -0.26  -3.43 - -3.50 ' 0.07
42 -1.15 3.73 2.58 3.0 -0.52
a4 _5.46 0.79 -4.68 ~0.50  -4.18
Ho 40 -3.19 -0.27 -3.46 - -3.30  -0.16
42 -1.31 '3.80 2.49  _ 5.20  -2.71
44 -5.23 0.77  -4.46 3,30 -1.16
) ' , . !
Er 40 ~3.19 -0.27 3.46 . -3.60°  0.14 -
42 -1.59 . 3.72 214 9.20  -7.06
as. -4.85 0.80 ~4.06 6.90  11.00
T - 40 ' -3.21 0.27 -3.49 ' -3.50 . 0.01
42 -1.88 369 - 1.81 5.40 © -3.59 '
a4 -4.45  0.81 -3.64 L300 -6.74
- | F )
- it S

Ed
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\ For the rare-earth ions, for rn > er, the slopes for adﬁversus

Ar is Tess that that for the free-ion values (p]oﬁted agaynst Ar). Thus
- one finds that the polarizabilities of rare-earth {gﬁslin RTH crystals
decrease with r less quickly than do the corresponding.free-ion‘ya]ues.
This is also in accord with Sec. 6.4. Hence, taking this factor into
\account, it can\be seen from Fig. 6 that the slopes (o vs. Ar) for R3+;
€1, .and Hﬁ exhibit the same trend for r > er. For r < réd, the tfends
are similar in that the slopes for R3+, Cl;, and H' all have‘the°séme‘
si?n as. the slopes for r > er; but the magnitudes of the s]opés for
P <re, are swal1er for all three g?aphs. , This result is predicted py
Eq. (6.31). - |

'Reéarding the off-diagonal e]ememts,’ao‘(same for all hosts), thé
value of zero 15 found for all rare- earths ¥¢h1s is not unreasonab]e,
" since the free-ion value is rather small to begin w1th, and also the 4f
g]ectrons.are screened by the outer (n\= 5) shell. For C1~, the value
of 0.34 K3 is small compared to the.free—ion value. Onequuld expect
this value to be small bgcéuse C1™ is a closed shé]l configuration of
spherica]-éymmetry,.and'js thus 1éss susceptible to an asymmetric
distortion; | | )
| For 02', the value ofJZ.Zé ﬁ3 for the off-diagonal eleménts,'ao,

.o

is of the same order of magnitude as o4 this may be expected in that

02"

iso;rbpic state. It will thus.respohd in a skewed fashion to. an exter-

has two covalent bonds with the hydrogens and thus is not in an

nal field because of the constraints imposed by these bonds on its
) electron cloud which is initia]]y‘asymmetrical. Fgr‘H+, the value of.
0.b3l,§? is small; this is because of a small but non-zero %d\(due to

" “covalent bonding) for this ion.

‘
o
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As far as the fourth-order para@eters are‘concerned, it is noted
that the experimental values forﬁBi and Bg are somewbat uncertain. 33 “
Further, these values are extremely sensitive to the ionic positions’in
the host crystal. Thus,'if(ionic distortions, caused by the substitution
of the pgramagngtic ion, are to Qe taken into aécount, it is plausible .

that'the cohputed values for the parameteré can be found to be in agree-

ment with the experimental ones. However, here such distortions have

[}

not been taken into account.

In the procedure described, it may be.argued that, for each host,

)

one is fitting three data points (Bg, Bg,\Bg)uwith three‘parametérs (the

ad—va]ues for R3+, C17, and H+). However, there are actually five data

"points, and, in any case, the fit is not in the nature of a least-

'squares,fit, or a purely empiricgi fit where one does an arbitrary

search. This is because the values of ay are fairly strictly limited

o

according to the constraints mentioned in Chapter 6. Specifically, the.

v

values correlate with the free-ion values, they vary linearly with ar,

and the slopes are consistent with those described in Sec. 6.4.

.7.3 Application to RF3 ‘ ‘

¢

The prescription outlined in Sec. 7.1 was also applied to Gd3+: RF3
(R = La, Ce, Pr, Nd). In principle, the only difference in procedure
érises from the differ;nt|symmetry/of RF3 (trigona1) as compared to RTH
(monoclinic). This dictates that bne should (for RF3) a[so'dné1ude

parameters, Bm, having m < 0. However, as reported in Ref. 33, the

" parameters for negative m are, for the most part, very small in magni-

tude — namely, of the order of thelexperimental error. They were,

therefore, not taken 1nto'account'in the present calcujation.

¢+
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‘& values were used as a “first estlmate These are

¢ - ¥ '

n ‘
Trigonal' symetry requires a tensor of the farm®' - .
L e = o, © i - b

. O X

where o = o %2 and a = oy With ;s (i #3) = 0. The sub/

D N -
/// scripts .allude to the so- -called ordlnary ‘and 'extraordinary' rays,

whjch refer to the fact that RF; is b1refr1ngent; i.e. the optical

3
v
index of refraction as measured algQg the z axis (ne) is dlfferent from

t

that measured af6ng the X.Qry axis (no). The po]ar1zab111t1es are,

g
crudely re]ated to these indices by the Lorentzarelatlon “Since the

measured values for o and Ns for RF d1ffer by 1ess than 0.1 %,64

is assumed, for the present cq]cu]at1ons, that one ’may/take ao = 0 for

¥

all thejions in the crystal. o
' In the calculation one needs the values for the palarizability of
the fluorine ion (F~) for each of fhe four hgsts fnlthe series and for

3JV(R La, Ce, Pr, Nd) As was done previously with|RTH, the free-ion

62 (in un1ts of ﬂ

63.

d F~ respective-

1.41, 1.35, 1.29, 1.23;¢'and 0.76 for La, Ce, Pr, Nd, ar

by. It.was:found that, in order to.get agreement with pxperiment, the
e . r

po]arizab{}ity va]ues for th .various?5?+ ions had to be increased and

those for F had to be decreased\irom the free-ion va1 s... The resu]ts

;/
are presented in Table XII On the\QSilieof,xhé’e,pthe comput d valyes

for Bg and B2 are as g1ven in Table XIII, ang those for 82, 2, and BZ

are as g1ven in Table XIV.

o
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CTABLE XII. Polarizabilities (ay) for the ions iA’RF, hosts
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" Host : R ﬁ'(x 1072 ﬂ%) '
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 TABLE XIII. Second-order spin-Hamiltonian parameters bg QGHZ) for R+
« . Experimental error ="+ 0.01 GHz. , -
Host Index Point Dipole Tofa1 Experiment  Difference
Charge = : : :
\ . ’
La ?0 0.5460 0.1515 0.6975 0.6930 :0.0142
| 22 -4.3302 - 4.2457  -0.0845 - ' -0,0850 - 0.0005
. “3 .
= .Ce 20 0.56]6 0.1789 0.7405 0.7350 0.0055
22, -4.4615 4.3776 . -0.0839 -0.0840 0.0001
Pr 20 0.5793 0.2012 ’ 0.7805 0.7730 0.0075
22 -4.5770 4.4960 -0,08]0\\ - -0.0810 0.0000 '
Nd  20. % 0.6321 0.1699 0.8020 . 0.7950 0.0070 .
22 -4,7745 4.6241 -0;15Q§ " -0.1490 -0.0014
%
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TABLE XIV. “Fourth-order spin-Hamiltonian Values"bw (10-2 GHz)" for
I‘RF3. Experihental error = + 0.01 GHz. ) /
B | g
v

[

9

"Host Index Point ¢ Dipole Total "Experiment Diffgrjgée

Charge
ta 40 V.24 _0.03 1.27 1.60 - 0.33.
42 -3.80 0.12 -3.68 7.0 --11.10
. 44 -8.61 -0.22 -8.83 12.50 -21:30
‘ ' . N - (
Ce 40 1.33  ~ 0.03 1.36 1.60 - 0.24
a2 -4.00 .  0.11 .-3.89 - 8.50 - -12.40
4 8.95 0.2 29.17.  16.90  -26.10
Pr 40 '1.40 0.03° . 1.43 1,60 - -0.18
“42 415 0.1  -4.05 830  -12.30
T g 4 9.20 = -0.22 . -9.42  11.70  -21.10
Nd 40 1.46. 0.03  1.49 1.80 - 0.34
. 42 -4.23  0.10  -4.13 10.50  -14.60 .
z { - , 22 40 - -
M 9.36 0.23 9.59 ~ 12.80 . -22.40 -
/
ee .
A

'
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‘a result cou]d ‘be produced by an 1ncrease in the effective ionic charge
that part1c1pates in the potarization, process While the mechanisms

which would give rise tolsuch an increase are not explicitly. known, .they
a3 . ‘ ?
presumably relate to distortions in the electron shells caused by the

substitution of the Gd>' fon. One would expect that the magnitude of

such distortion-related effects would correlate with the difference in
‘ionic radii between the Gd'3+ ion and the host rare-earth ion, R3+;
\%.e. with ar (= e " er). Fig. 7 shows a plot of the resultant ionic )

po]arizabf]ities.p]otted,verSus Ar., 1t s seen that, except for Nd,
. r
the relations are approximately linear, and that the\s]ope for thé pos =

~

itive ions (the R ) ;s positive, while that for the- negat1ve ions (F7)
is negative. This is the same result as that found for Gd : RTH -
'(Sec. 7.2). Of course, the increase in a(R3+) with 4r is partiaﬂiy due
_to th; increase'in the free-ion values. - ' 7
The values gbtained for the éolarizabilities of the F~ ions is

small compared to those free-ion va1ues cited in the literature. How-

ever, they are p]aus1b1e in 11ght of Eq. (6.12). This relation may be

swritten, for F, approximately as65
‘T
: (e + :D) ‘
o< (7.1)
k+ S

\

where n_ is the number of outer-shell electrons participating .in the
| polarization process, D is the exchange charge parameter, and k and S
\
_ are the shell-core and shell-shell force constants, respectively. For

F”, the value of n_ has_been feported as Tow as 0.9 with D/e of -the

51

order of”' - 0.1 . (e is the charge’on the electron.) The values for k

and S have been g1ven a551’65 5110 N/n and 100 N/m, requg&%xély.

Employing these values in Eq. (7.1), gives a fluorine polarizability

¢
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Fig. 7. Gnaph show1ng the po]ar1zab111ty\a for the various .ions -
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‘1eft hand scale gives the po]ar1zab111ty for the fluorine 1ons
\
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" rare-earth metal ions o (Rs).

in the 1sostructura] ser1es of RF3 as a fungtion of Ar (10” -2 R) The

The right- hand scale gives' the polar1zab1]1ty for the
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Va]ue'of 0.02 k% Which is of the same order of ﬁagnitudé as that Found

: from the PCID mode]

Two observat1ons may now be made regard1ng the above PCID results.
F1rst the mu1t1pl1cat1ve ‘factor used “for 64 (see Sec. (7.1)), in the
absence of a: theoretica] value, was, the same for both RTH and RF3 The
fact that good*resu]ts were—achieved‘fgr both systems, using this same(
factor to relate the A4 to the 84 is a strong indicator thai the re-
1a§1on is, 1n\fact linear and that the model be1ng used is quite gen- B

eral. Second, as'seen from Table XIV, the Bg and Bg values do not agree .

with experiment. However, it is likely, in view of the superposition'

. model results, discussed in Sec. 4 4, that the PCID modé] predwct1ons

+

for these two parameters would be great]y improved if d1stort1on were .
taken 1nt0 account In‘other words, d1stort1on aside, 1t may be said

that the two models (SM and PCID) g1ve equa]ly good results.

-3




,N . o ~ ‘lChapter 8
TR & . CONCLUSIONS
A nu'mber'.of spe‘cific conclusions may be drawn from this wlork,.
First, the results of both the'superpos.iltion model and ‘the PCID model
support the contention that ‘ﬂie r‘elation between the CFPs and the SHPs
is l‘ineer for the nl= 2 and n = 4 parameters, at least for 6d3*. This
s evidenced by the faet that the -same values for 8, and 6, were lséd

success fully for.both homologous 'series\(RTH 'and' RF5)..
Second, the results of the PCID model support the validity of the

conventwna] cr_ysta] f1e'ld parametemzatwn “cheme. In particular,

: \they support the c1a1m that the scheme is not dependent on the as-

sumpt1on tnat thxe, crystal field am ses so]e]y from the point-charge
«wglectr:ostatic‘ field (see Appendix A). This claim, that the. results
su'ppert the parameterizationcscheme, is made oh ,purely\empirica] '
“grounds ; namely, that the use of ‘the scheme in the PCID model gives

_ good results. It could be argued that it is the choice bf po]ariz- I
:=ab1'1ity values which '1:orces' tne 'sch‘eme‘to work. However,-as has been

mentioned, the palarizability values emp]éyed are not arbitrar_y fitting

R parameters ‘They are subJect to a number of’ constra1 nts. Thus, itq"is

the contention here that the basic scheme 1s vahdated by ‘the PCID model.

. Third, the superposﬁ;wn r;esu]ts demonstrate that, although New-
man‘s model is capable of successfuﬂy describing the SH'Ps, the medel
may be extended 7p as to decoup.]e the model parameters b and t , from
‘metal -Tigand d1stance effects, Also, it appears c]ear that the super-
Jposition model. is basically- phenomeno]oglcal in na@:ure in that the .

physical significance of its parameters is not eyident. j'In addition,




make that claim. It may be contended that this 1s'sole1_y~ due to one’s

79

it is .not understood how the SM succeeds despite the fact that it con-

. siders only the nearest ligands. It 1:s quite possible, in fact that

1t does take the rest of the crysta] into account by an appropmate

scahng of the parameter b However more work is needed to quy '

t

" investigate this.

With regard.,to the PCID model, per se, there are three points which

provide evidence for its claim to be ag/ah'd and viable model. First,

-

there is the obvious one; that it provides'results within experimental
error for those parameters not subject to large distortion effects.
This 1is the first model, free of phenoméno]ogica] parameters, which can

ability to appropriately adjust the po1arizab1’h‘ty‘va1ues. Howe;/er,‘

there is a 1imit to this capability in that the a-values must correlate

with the free-ion values and with values as predicted by the shell

model for ions in situ. In éddition, the number of different-ion-type

—

a-values one has for a given host is fewer than the number of data
points. Thus, it is argued here tﬁat.the model doés provide a valid
description of the crystal field. Second, the trend in the a-values

predicted by the model (i.e. o vs Ar)'is in accordance with the ex-
. . - 4

~ change charge model. -This is a cogentpbi'nt which provides s{.rong

evi'de'nce for the claim that the a-values predicted \a(ctuaﬂ_y have some-
thi hg to do with what 1'~s going 0;1 in the crystal —. that they are not
of'an arbitrary\ nature. Third, a main ladv‘antage of the model is that
it provides a guidepost to further research into the basic mechanisms
involved in the problem. Thi‘s is because most previous models have
dealt with a m_ymad of competing and mutually mteractlng factors wh1ch

contribute to the hgand field. The PCID model separates out aH of
L}

ve

)
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80 ‘
these from point-charge and dipole effec{:s by placing theni,in tl'ie'
polarizability tensor. That is, it is t;1e claim of the model that the
_effect of short-range mechanisms, sqch as overlap and cova’]enc"y is 1':(.)
modify the polarizability values. Thus, the' mode] providés a strong
ordering principle by the-use of which one can proceed, hopéfuﬂy, to
an ab }Lt'lg_ microscopic calculation of the a-values.

The main f}xctor which, at present, prevents suc‘h a caicu]ation is
the problem of distortion caused by the substitution of the paramagnetic
. ion, Th\s is because of the fact that such a ca]cu]atwn requires a
‘know1edge of the polarizability wvalues which one is trymg .to pred12t
However, th1s is just where the PCID model coulq prove to be very ,
va\]uab]e since one could take its a-value predi!ctionS‘ as trial va‘]'ues-
in a distortion calculation, get some distortion values (new distorted- -
ion positions), substitute these back in the.PCID model, and then con-
tinue thi§ jterative process. The distortion calculation could be
tased on finding that ion configuration which minimizes thg unit-cell
l(conf'igurétion) energy ..

"~ From a ‘mo;ﬂe general viewpoint, one can conclude fr:oni the ?’CID
"mbdel that aﬁprbaches which deal solely with long- or with shori-;'angé
mechanisms are not providing a true representation of the situatibn
It \§eems evident that one must cons1der both, the electrostahc f1eld
an;l near-ne1ghbour phenomena. Although the superpos1 txon model may be
cited as evidence to the ,contr{ary, it is felt that it may yet be shown
that this model also depends on long:range effects, aithbugh, admi tted-
‘,1y there is at preéent not yet sufficent evidence to state this wiéh
certainty. |

In summary, it is the claim of this work that the PCID model




AR W i , ’ ) - 1 -
%‘:" ' ” - i \ )
2 .
- . ~ o 8] . ‘ e
e . provides a valid, effective, and accurate description of spin-
S Hamiltonian parameters. Also, it is claimed that the model .is briginal
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Append1x A ‘ L
THE CRYSTAL-FIELD PARAMETERIZATION SCHEME

/

3
: As was seen in Ch. 3, the. conventional method of baramét’erizing the

.grystal field implici tly assumes that the crystal field is due_so] ely tox

the electrostatic point-charde field of the fons. This results'in one’ ,

being able to express the pdtential_ energy of the open-shell fnagneti’c

. [
electrons in terms of 'the spherical harmonics Y': (or, eqyivalent]y, jnA
"+ terms of the Tesseral h'armon;;cs Z':). The purpose of this section is to
: demo‘nstratle that this result is not dependent on the above-mentioned
| ‘assumptior;. Thaf is, it is to be shown that the ‘conventional scheme is
adequate, regafd]eés of the spec':ific mechanisms which give rise to the -

L2
crysta] field splitti ngs The main line of the arguement is due to

Newman 24

The potentia]l energy of the (magnet1c) electrons 1n a n'J?.N open-

shell paramagnetlc ion may be wmtten as -

v-3u = I3 A4 f""’co)

. ’lb\.
‘ () , .y -~ . \ ’
= 2 AL 7:,, («-) e ¢ )}
‘where ‘ o
h C . ) B N
T ")(o) = .'S t,n (") - . ’ (A.2)

Here, ‘1' labels the diffefent electrons in“ the opéh shell, the A': al;'e
expansidn coefficents (qrysta]-field parameters), and trfln)(i)'is a
(Hermitian) tensor operator acting on the coorjdinates of g]ectron i.
With regard to E>q.l (A. 1), four points méy be noted:

]

\82 . ,‘, | 4‘_‘\
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(1) the A?: are independent of i, (2) all the open-shell electrons are

v

. e :
assumed to be equivalent. That is, the contribution of .each is taken to

‘“*be indepéndent of the states of the others in the open shell. This is

-« S

equivalent to étating that V is a one-particle potential. (3) V is taken |,
. tobea funct.ion dnly of the angular éoorfiinates of the electroris. Thisl
assumes that all open-shell states Ghave the same rédia1 dependence. -
(4) As the operafprs tén)(i) are genera]'teﬁsor operatars spanning the
irreducible representa;jons of the full rotation group, they cén repre-
| sgnt the angle dependence of any ope.rator. Hence, the form of V (as 'i'n‘

Eq. (A.1 )3 in no way pf“esupposes it to be purely electrostatic 1in origin.

Other mechanisms, such as covalency, can make a contribution to a poten-

i

tial of this form.

Now, as with any operator in the time-independent Schrodinger equat- |

KoL
ion, V must be Hermitian. The conventional definition of Hermitian ten-

sor gperators, . #
() PP ity alied . (A3
. ' ) &
ensures the Hermiticity of V if one has . s

(A7) - oA e

(In these equations, deno:tes the complex conjugate transpose of a ten-
sor, while * denotes the complex conj u‘ga.te.) ‘ ‘

Let é one-electron open-shell orbital state be denoted by | 2,00,
where,z' is fche angular momen tum quantum ﬁuhber (¢ =3 for a 4fN state),,
and o denotes all thé other quantum ‘number‘s required to specify the state.

Then the complex conjugate of a tensor operator tlgln) is defined by '

/ . s
. . . v -
P .
.
N .

.
» .
.ﬁ T v
K 2
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L —ac'— 0 , ' . . [ < .
Aty any = (1) ([t B (A.5)

Note in this regard, that, generally, the wavefunctions, V¥, bétvieen which

one calculates the matrix elements of the cr‘yslta1 potential, will be Sla-

ter determinants or linear éombjnations thereof. Each determinant will

.be o/f;ﬁe form (X], ee s XN q>], cee ¢;)) where the xl's“form-aa set of
- N one-electron wavefunctions representing the closed shéi]s, this set be-
ing the same for all Sllater'determi,nar;ts app;aaring in the e)fpansibn of
' thé states \W‘ The remaining>set of one-electron wavefunctions (the ¢'s)

are those of the magnetic e]ect‘ror}s in the unfi’Hed she]].\, i.e. ¢ v
[2,a>. In a'calculation of; <¥|Y|¥>, the contribution of the closed
shells will be I<)("i |V|x1.>. However, if, in the expansion of V (Eq.
(A.])), the n =0 term is -omift‘ed, thi‘s closed-shell contribtlti‘on will
be zero. The omission of the n =0 term is permitted in that the effect
of this term is t® shift all énersji'es by a constant amount. "It thus ha':;
no effé<.:t on transition energies (energy diffe;rences).’ Hence, one may

v omit closed shells a]Fogether and write the Slater determinant jn the '

form (4, ..: » ¢). ' That this is possible is due to the fact that V is

a one-particle Operator.ﬁg o T
Returning now to Eq. (A.5), the matrix element on the right-hand-
s{de may, according to the wignerfEckart theorem be written as]4
. o Gk (£ n £ (w) -

s Ch ' .

ey =0 (L L)ty e
‘where( ) is a Wigner 3j symﬁo] (coupfing coefficent). and < || || >
.is a so-called reduced matrix e]emenf ('reduced' 1in that it is indepen- .
dent of m). Thus, Eq. (A.5) becomes ' ) "

[ 4 ﬁ

T
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Also (analagous to Eq. (A.6)), one has.| . ; \ AN

\

el (L 5 ) <ty e

However, there ewists the relation

70

éq *(A.8) becbmes

® ' (@-x)-&(zlu»)
<‘e/’(H:h)l£"> (1. (i : ;Z )(.ﬁ"t llf) A ]0)

It is well known that, in order for the coup11ng ceeff1cen§ in-Eq. (A.10)

Thus,

-notﬂEg/yan1sh, one must have a = a' - m’(*tr1angle con41t1on ), Thus

. A
substituting for a in the expopent in Eq. (A.]O).giveS'

-

. e 4 x _4
€ (4 = (1 (2 i (°< > £k t! 1;4:) AD)
- ) . ) a
Clearl R i 4 i :
{ y (-1) 1. Then comparing Eq. (A.11) w1th‘Equ(A,7) gives
> | ' - '

g . / .o .
£ ey = )

[

" Thys, for all states constructed from states of the form [2,0>, one

. —
must have

man

n . C
t“* ~1) t 9 - -(A.13)

- m

-

il

'

Now V, in addition to being Hermitian, must also be time-reversal invar-

i

£ »n 2 ) 24 £ n £ _ -
' (~l( -m ”\V‘) = (—1) . w( < m -'OC') 7 (A.\Q) »}
\ .\ - 12 ‘

"ql,é\l,t:')*li,x? L a2
\ .

¥ s K] )l
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" jant. Th_1'§ implies that V must be real.n _fhis condition, coupled with

|
Eq. (A.13)5 requires that one also have

- 4 ,

) <A'm.) 1)"“",4:-; A S (A.18)

. Comparing Eq. (A. 14) with Eq. (A.4) shows that n must be even. It is

' \
)

important to note that this restriction follows from the general con-

Ltramts of Hermiticity and tm@ reversa] invariance which must hold for
i

any operator./ In the conventional parametemzatmn scheme, the rebtmct-

ion 40 even n is derived by noting that. the’odd n’spherical h‘armom’cs

A

have odd pamty and-hence gwe vamshmg matrlx blements between states
of a given &.% But ‘such an arguement dep%nds on Having prevmusly

assumed th{itxv may be expressed in terms of the spherical harmonics,

7 .

h Y'::, as would be the case' if the.cryst‘a] field were/pih:ely electrostatic

[S

in origin. However, hav1ng‘shown from very genera1 considerations,

' that n must be even, no generahty is lost by takmg

=‘)ﬁm(q,@)f o n.15)

" (apart from fixing the va]ue of <4 |t ||2,>) * Hence, the conventional’

£ -

-h"'t”(d‘

m

parametemzatwn scheme which is equwa]ent to Eq (A.15), is _edequate
) .

in a]'l ci rcumstances.
! )

K The number of parameters, Am, which occur is also constrained, by

¢, n
the fact tha}’, in Eq (A 6) the matrix elememts will vamsh unless =

“n i 2%. For the rare-earth meta]s (4f.shell), since one has & = 3, n i5

thus restr]ete\dd:o the values 2, 4, % (the constant Ag is omitted, as

. . ~ . . . —
mentioned above).. In specific cases, the number of parameters may be

-

further reduced by the \symnetry of the crystal- enviornment.
I

) C e ;
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F AR Append1x B
UNIT «CELL STRUCTURE FOR RF3 AND RTH

—
~

. .
R AR T, - [
& . . . .
o

Th1s section co]]ates the information requ1red for ca]cu]at1ons
. !

1nvo1v1ng the two homo]ogous ser1es RF3 and RTH. The theory relatlng to

lattice vectors is presented, and the specific cell data are given.

¢ ' e ]

~ -
“ ’

B.1 Direct Lattice Vectors -

‘. . . ,
. The hnit cell structure for a given.crystal will correspond to one -

of the 230 space groups. For each space group there will be a number of
§ubgrohps corresponding to sublattices. Given the pos1t1on of an ion in
a specific sublattice, the positions of the others (the so-called equi- &
valent positioné) can‘be generated by symmetry operations. Usually ohe
khowé from the Jiterafure wﬁicﬁ ion type corresponds to a given sublat-

tice. Then; usiéﬁ published tables,49 one can calculate the coordinates'

" for all of the ions in the cell. Thé procedure willl be destr1bed spec-

ificgliy for RF3, as an example. Later, the correspond1ng data will
. - A
also be given for RTH.
Table XV shows the coordinates of the equivalent positions for a

cell with the RF structure~ The structure is trigonal with D d(P3c1)

3
symmetry. 31,33 3?/ The numerical va]ues or unit cell parameters (x, Y, Z)

to ‘be assigned to a given sub]atﬁ1ce are ngen in Table XV to the r1ght

of the Iig%ing of the positions for that sublattice} These are the same

’

for all crystals gith the RF3 structure. For a specific crystal, one

gets the actual coordinate values by multiplying by “the lattice constants

(cell edge ]engfhs) a, b, c. For example, a given coordinate (p, q, r)

would become (pa, gb, rc). The lattice constants for RF; are given 4n

87
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TAESLE XV. Positional paqrarneters for RF3. (See Ref.35)

$ s

/\;‘ . -~ B
. ‘4 i :
‘Number of positions, Coordinates Unit cell
‘Wyckoff notation, , . parameters
point symmetry, and ° '
atom type '
\ . - '
12 g 1 F_(I) x,y~\z;' YsX-Y,Z; *Y-X,X,2Z3 x = 0.312
‘ \ )ZaysZ; .Ysy-X,i; vxl‘y,X;-Z.", R y = -0:005
y;i;1/2+z; X,X-y,1/2%2y . y-X,¥, /242y z = 0.58]
L ytamzi Xy-x,Vazy x=y.§,1 /-2
" Q'\ | c
4 d 3 F(II) Y02 as2s 2/3, /3,23 1/3,%/3,Y /2423 z = 0.313
4~g 2/3,1/3,1/2-2. . T
) {\\' '
. 4
2 a 32 F(III) 0,0,%45 = 0:0;3%/s. : \
~ t T i
- 3 §
6 f ‘ 2 R xuoll/u; Osxal/b;r ;(s)-(al/k: \ X = 0-340
_ , . ’ . .
o ‘x,0,3/1.; Oaxlga/lo; X,X,a/u,
} *
® . ’
» '\ .
’ »
A\ ¢
A Y ’
\ e Y £
-
.\ ‘ g ,"‘ .
‘ . ¢ ©
. ° /
i N )
N
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Table* XVI. In practice, one is int&rested in the position of.a given '

jen, ?(x, Y z),'re]a‘t\ive te the position, v (xo, Yor zo),‘ of the sub-

* The position of: any ather ion outside the unit cell which ié a member of

the ;uQ]atfice ihcl‘udqng the ion whose position is given by T: may be .

: f N ! -+ b4 . ) ' '
' . ‘a generated by r + 1 where Y- . '

Wher‘e Q‘i L

, oo B

3 are integers. The position relative to §d3f is then

2 v ! ) ;'

E '=‘ ,Z + F.'— Y‘g : * ﬂ '(B.Z)

- ~ ' {\11 of the-abov'e is with respect ‘to the crystal frame qf refereﬁce. In
general, the cé]l edges -5, B, ¢ will r{ot be mutually orthogonal, so_one
must transform to the laboratory frame of refgren;:e.- ‘For RF3, b i; a1; |
\ . . an angle of 120;’ with respect to _ai,/whi]e ¢ is perpendicﬁ]ar to both 3

. ' and b. Making the appropriate trénsformation,,Eq. (B.2) becomes,,\in
' ) A ) ¢ N

. componeht form, _ ‘ : : ‘ : &

]

\ S ’l X = {‘Zz 4—(76-1.)}@ +{-{2"+‘(7—7.)}£ cos bo (B.Ba)

. ’ ’,14 ) N
\ v h e ”

e {.Zz._ Uy -} simse" o (B3

'f / o | 1

Lz s {e(zeae o Gl

For RF,3, there is one set of *(x, y, z) values' for each of the 24 ions

-~

!

o /ﬂ/n the unit cell: - ‘
- ‘ ) - w » ' .

I 4
\ . ) oy

" stituted paramagnetic ion (say_Gd3+). i.e. one form the vector, ¥ - Fq.
R |

L = -4, F -f—(fz;,-fvég. ' (8:1)
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TABLE XVI. Llattice constants (in angstr:prn units) for RF5. (See Ref. 64)
“ . . y -“ : . 'l - ~
.. Hos t . a,b c ( , -
. . , i A . . ) S ’
| LaFg. 7.186 e .
1] \ . -
-~ \ . -
. CEF3 '7.112 7.279°
xPr.F3‘ 7.081 . 7.218 '
| S '
NdF . 7.030 7.119 ‘ ‘
i . . "
.- ) | ‘
2 2 - \/
) \ o+
. L 3 ‘ .
| i '
+ " ? N )‘x .
. . \\‘
- . . [}
; - . ‘
\ I- - . 4
. ) ' )
~ : o i .
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. monochmc with Cgh .(P2/c) symmetry,. In this system, the ang]e between

3‘and E'ié ‘B = 93.65° and the zx plané is commdent with’the ac plane,
3 * .

"

Y 9] P

In the "EPR mea'surements:‘x,3 for the sp1n-Ham11toman parameters d‘1s-

. cussed in this. work the z and y axes were coincident with the a. and c

axes, r‘espectwe]y Thus, in an actual ca]cu]atlon, one must relabel the

expressmns 1n Eq.. (B 3). (1 e., X+Z Y+ X, Z~+Y) - “ N

The equwa]ent “positions and 1att1ce constants for RTH are gwen,

respectively, in Tab]es XVII “and XVIII. The crysta] structure 1536
LY

the z axis making a'n angle x with 2. This angle (x) ‘is different for

differe-nt hosts (the values are included in Table XVIII). The relations,

e

f’or RTH, analagous to Eq, (B. 3 are

X =l x.)}acos/ {z +y- }f,)}f:us (,g - ) ( (6.42)

- - {tpte o st fasly g Boi (o) ).

{¢+03-3)}c | S (8.4c)

™ ’
J ' :
. N .o

4 . : .
B.2 Recigrocal Lattice Vectors .
”’T_O-ﬁoy Ewald's method (see Appendix C), one requires reciprocal

lattice vectors in addition to the direct lattice-vectors defined in the

prekus sectmn Given a direct lattice vector, 35 as defined by
\\

\
Eq. (B.1), the correspondmg rec1proca1 1att1ce vector,.g, 1s\def1ned by

§ = kg kg kY LU

N /S .
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TABLE X\{'iI. P‘o'sitiona1 barameter:s for RTH. r"(,Sée the_f; 7@)

b K S v
Nunib’eri:f positions, ' -Coordinates - ’ Unit cell pal;ametéirs )
Myckoff notation, . = . s e .
point symmetry, and ‘ oK y .z
 atom’ type . -. : = S ;‘ S
) I' . o, o
4 g 1 Ci(11) xyez [ ORGE 0.0587 0.8370 0.2601
\ .)-(,_y,lfz-z{; : x’yl’l/z_l,:;.‘w s ).
©v () . C 7 0.28137 0.0471 0.543g
y0(11) : c T 0.]423 0.4254 0.0888
| o(rrr) . - 0.4406 0.2088 0.1058
HI). . . 10,272 0.920  0.605
W A " 0.4 0.082 0.608
HIID) -, . Y 0174 0.488 . 0.987
Wy 0.117 0.548 0.140
UH() S o053 0.3 0.149
R , " 0.476  0.258  0.002
2 12 CUI} . My s Mo Y. 0.3769.
‘2°‘e 2 R o,y;l/ug EA ' 0.1521
o : S r
\'\—,. “ . .
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" TABLE XVIII. Lattice constants, for RTH. (See Refs. 36, 37)

The-lengths a, .b, c are in angstrom units and the angle x is in degrees.

'f

C L -, Host a b 'e X
i y
Nd 9.72 6.60 7.90 58.5
. om 9.67 6.55 796 63.0
- Eu 9.68 | 6.53 7.96 62.5
"1 9.63 6.51 7.89 61.0
» oy 9.6 6.49 7.87 62.0
e , Mo 9.58 © .47 . 7.84 63.0
Er 9.57 6.47 7.84 60.5
T 9.55 6.45 7.82 64.5
9 -
\ , )
(.
i
/
j ' ‘
i ,
- X *
-4




where

k (
and
F 4 - . ,
- R
o =

- T 4 -
bxe , o =lexa , ¥
\a .

RNV .
1% /
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X [ ]

k3

. Heré, the n; are integers and V = 3.(’5,{5
T, n fpr RF 4, the components of g are given by
P ZmTn,
N) ’. 5; . o= s
g ' :
‘ \
2 ° 2T Ny Co§ /3
- = ‘ .
. 4 d«%‘w,ﬁ . !
g - 2T
T - 3
3 c

- For RTH, they are

“;x’} =

3

.- -
axbp -

/

S 2,

D5 B

| :(B.Bb)

(8:7) &

) is the volume of the unit call.

'
1?
.
.

(8.82),

anvn, sn(B-%) + 2, ;w% . oa)

a S'M/ﬂ

bﬂn/é

~

_ 22, cos (L) + amn, £os ;b’ (5.9

,asm/?

2N,
=

pe

b san B

(B.9c)




up to the end of Eq. (C.23) follows that of Ziman.

. . 2 ]
.. . S Appendi x C Ll \
. EWALD'S METHOD -

-

. ﬁiivs apﬁéndix discusses -the theory and app]i&ation of Ewald's

me’chod.39 Sec. (C.1) dev;e]ops and explains the basic e;quatibns for

) sums of the form Y (1/h), where ,R is an fonic distance. Tbe treatgnent

66

: w
the Tessg{a] harmonics (which occur im the crystal-field parameters),

Expressions for

or for the electric field,"all involve derivativés of sums of this
N
sort.  Sec. (€.2) trats the first and second derivatives, while

. . 1. . ‘ \
Sec. (C.3) deals with those of higher order:

©

C.1 Derivation , < . .

The lattice structure 1s invarjant under any trans]atwn represent-
4

>

ed by the sum of mtegra] multiples ‘of the unit- ceH vectors a] 32, CIY

That is, any Iatt1ce point can be reached by the translation

-~

-+

, — - - :
L = 4 “1 + Lya, + 42, ) (c.1)
[ ! '
o :

where !L], ILZ, 23 are \%ntegers. These vectors, £, will bé called direct
0 - . ! 3

(lattice) vectors, and they ';pan a direct“(lat'.tice) space. Similarly,"
one can define regiprocal (lattice) v‘ector?‘,’ 3, spamning -a reciprocal

(Tattice) space, through

Il

‘g = 2TM. b+ 2T 2w b, (c.2)

where s Ny ‘n3 are integers ancL

. - -
N - S aj xa
‘b‘: = "_, i (C.3).
a a. xa.k)

% [

Clearly,

~
1




/ . . . - .
K g-& = T S e
where n is an 1’ntege‘r'.‘ Now consider a‘f’ungt‘idn, £(F) whlch is per1od1c

inl) (i.e. f(r +’I)\= f(_lt)) This may be written as

;f(r) g A iS _ . (C.5)

where A>, the Fourier. transform of f(r), is (V. is the grysta] vo.]yme)
. - 1 f f -D) ‘ 3 ;OL — "

‘ . = e LA C.6

, A3 VoL LA (c.6)

Note that the‘ber‘iodi‘city of f(r) is guaranteed by Eq. (C.4). A more

14

.appropriate way of expressing Eq. (C.4) is to observe. that it is equi-

-

valent to 3.7 . . \ / .o
e - - (c.7)
. ’ . . ) ,. - - <12 1 ‘
Now consider the function "’z“"l P

- ‘__' _Z_ Z' e . B Pl ) ' .
. F(’T) ‘o) = ﬁ I : '\‘ (C.8)"
where p is an arbitrary parameter. @ecauée of the sum over I, F(?,p)'

is periodic in I. Via £gs. (C.5) and (C.6), this perio‘dicit)'/ means that

7 *

VFER) = ZHE . e

F(r,p) may Be expressed as
Iy

-

where « 32 —l-l.’-v*l (3'“‘-«-'5'-1‘ S .
-~ 1 £ ’ '
F; = ch‘ﬁ 5 = ax

ﬁ‘zvc Zf exl:{ A R s B (c ]0)

However, since F(r p) is. per1od1c in %, each term in Eq. (C.10) will g1f

»the same result as at £=0. The nutber of terms in the sum equals the nu

‘ber of atoms in the crystal, , say - Hence

F.

3 J&F{‘Y‘P —e§ VT jar e

where V‘C is the.vo'lume of the crystal. Thus V_/N is.the volume of the

IS
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However, there qmsts the identity

Thus the left-hand side (L.H.S.) of Eq

[4 ar . ‘ .‘
Lol
! | \ - 97 L
) . ¢ L 66 \ ) RIS ’ ' .
unit cell (V) and . 1y,
R R
pfetetpita s m e T oy
- = : (
Thus, £q. (C.11) becomes ’ ’ - .
. - 31/ v = .
. _ 3w 1 e I'LP _ ‘
9 - V P3 . . -3 ~(C.13)
Thus,, %m Eq. (C.9),- one has ”3/ .., ’
T E L e e"j . ’
F(‘C(’) = 5 (°3 . A (AT
. \Eguating Eq. (C_.'M) 1Vf1th Eq -(€.8), gives e e . o
'e le-¥lp> . 2T z é—g 4‘?@“‘3‘*‘ J
‘ Y o . - V 3 P; . . . "-’ . (C.LS) .

'f_x

R L B

rj AP = Z] . . : (c.16)
q. (C.15) becomes, on integrating

-

and using Eq. (C.16),
- 'N f" FL. S
© o (€7)

o T‘_Z__ fe Ay a‘(’ /—g Y—"/

LoH-S. '—‘-r s
4 .o

Slmﬂariy, the right-hand side (R.H.S.) of, Eq (C 15) is

“

.that Eq. (C.18) becomes ~1ee™ 1_.3--4;-

. . »0 3/ -~ G
R-ERS. ='Z_Tfrf2(:f‘ie I
V 4 ; ‘-gyffl'" L >
ey s

S s g VO,

o 3 - t \-.—’._' ' ) .

. i Ve LT (g

t‘ . V ;
In the sIecond integral (G to e0), one.can substitute from Eq. (C.15) s

. 'S- — -
R H 14 ’ V o ’ P - o i_ 'R
i " (C.19)
c £ ’ .
Now, the first integral in Eq. (C.19) can be evaluated as

- N
{

-
£
b
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] ¢ .98
T : . - T
Jer & Sl (C.20)
VY :e . .ZGM - 31-/4 Gz s ./ .
- aﬁd the second integral in Eq. (C 14) can be wmtten as
*+ g
-Ie-vl | erc{GH-—vl} :
f Ap = (c.21) ‘
Lo [£ -] o Q\/
where erfc is the complementary error function defined by : '
. R S ' , ’ !

( &

Combining Eqs.' (C.]7) (C 20), and (C.21) gives Ewald's result:
. -9Veg™ )
S g - Ty ST S euizy

——
-

N - _.’ ° z -
o T rE Vi i T 7 A
In the following, one uses the notation :
o @ - - . - ' ' .
R=4L-v, , R = IRl - (c.24)
/l ” -b
Thus, ‘sums over 1 can be replaced by sums*”over R. 'Also.note that
e dd . - ' g d K |
xgr -eger IR :
Zel L Ze =2e " (c.25) -
J . [N i ; / Y N .

Thus, Eq. (C.23) may be written as v, . i »
. l.. ‘.-. - 46“
STL L T S < ' e’ + 5 e%#c(c\v}) , 4 "

. z . R V 5 . 3W s E , R( 1C-26) o

Note that in. using.Eq. (C.26), or any of its deriyatives, one takes onl

-

the real part of the expressmn.67 It is normally not necessary to

[
i

specify this, because in a sum gver all g-values the imaginary parts

will cancel., However, there would still remain d discontinuity‘ialong

-« . '

the imaginary axis in the case of § - 0..-Dealing only Qith the real

»

part of the .expression removes this préb]em. (Full tonsideratipn“wi,ﬂ

be given later to the cases of R, 0 and§+ 0.) -

£

~ ¥
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Before proceeding further, it is illustrative to consider the " by

*physical basis for the Ewa]d express1on (Eq. (C. 26)). The method .

works by cons1der1ng each point- charge sub]att1ce (Bravais lattice) to

. be neutrallzed by a uniform charge distribution, in order to avoid a

[

dlvergence in 1ts potential. (If one sums .over all the ]att1ces in the
crysta], these neutra]1z1ng distributions will cancel. This is.as in. .
the original methpd. If one does not ;dm over a]].thg 1attices \then |
scorréction terms nilbvagise, as will be discussed'1ateri) Th1s d1s—;
«tributioh (point charges piug‘neutk1iziné charge) is then sp11t 1nu;
separate parts To the neutna]1z1ng charge is added a fatt1ce of '
Gaussian funct1ons nonma11zed to un1ty. The neutra 1z1ng charge p]us
the Gaugsian functions will be called the first Ewald component. The-
seccnd Ewa]d component ccnsists of the point chaﬁges, neutralized b;
the Gaussian functions. Inythe final expression for the required
potehtia] *the Fourier representation of the potential nepresented by
the first component is combined w1th the potential of the second com-
péhent An appropriate value for\the ha1f—w1dth of the Gaussian is L{

\

chosenas0 that ‘both series converge rapidly. The deta1]s are as ¢

L]

follows. First, consider a one-dimensional probab111ty space, X,

described by the Gaussian f(x): o ‘ |

= (x-m B
z o é JPacs N .
(x = = 77 o ‘o -(C:27)
:’: Y "7—‘“} Ca N - : |
where'o and u are the standard deviation a?d mean, respect1ve1y “ .

Associated with th1s is the distribution funct10n,,F(x), wh1ch gives
. . o )

the probability that a given reiuit X is between - x and x.

' X
Pr(1Xlcx) = 2 fe) oL :

W

P TR

- -
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©

/

L e ())&

[57 et . ?*
Lo e ((Ee) o e

L

~

« . , :
But the half-width, ps for whf@ﬁrf(tn)x= f(O)/e, is n v20. Defining

the rec1proca1 half-width, G .= 1/n, gives F(x) = erf{G(x - u)} and f(x)

. .J
~ can be re-expressed as ;;>
' ¢t
~G )™ |
- flx) = ,/" c ' C (€.29)
[ a‘three—diménsional probabi]ify space, these results would become
' ’ h ] ° Ay - ) S
: G ~G(T M) . :
> f’(‘l‘) ‘/1. é : ) (C.30)
where f(ﬁ) now‘répresents a probability densify‘and r
F(F) =ef{c(¥-A)} - C(c.31)

A ! L4 . ’ :
Now, instead of thinking of a probability density, one can think -in

terms of the charge deqsity, o(¥), at the point * due to a spherical.
dhargg distribution centered at;rl; still with Gaussian reciprocal
half-width G (in each of threg\Qimensions). Thus, one has, analogous .
to Eq. (C.30) -_ o
» ; L~ ..t
- ' G - -'G (x -Y‘_() C
PH) = = € . o (.32)

This represents the Gaussian charge distribution wﬁi;h is to be added

-

- to the neutralizing charge distribution to form the above-mentioned

L8

first Ewald component. Thus, summing over z} the first Ewald

]

«

kY
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N
\\\\
-
o100
component’ is, . ' - . ,

| : -GN -
' . N - 2 |
. Q) = A ~ , v (c.33)

where V is the volume of the unit cell. 'Now,-in line with the pro-

\ =

cedure described by Egs. (C.9). - (C.15)% this may be expanded in a

Fourier series to give

()1(.;) = %—?e‘xﬁ{- 5/@; +‘£‘7.?}.‘ \17 L (C.34)

Jie

To find the corresponding electrostatic potential ¢](F) at r due to

O](;f, one notes that these are related by Poisson's equation.
i.e. Vl§ () = -41 d (¥) y o (C.35)
: 1 = (01 Y ’ v '

4
~

\\‘\\ Thus, integrating this ('i' occurs.twice, which cancels the minug sign

in Eq. (C.35), one obtains

- c T
2 = I - (c.36)
EI(T)‘ v JZ 71/9‘ R
] <
This is identical with the first term on the R.H.S. of Eq. (C.23).

»

Now consider DZ(F) dgfined-by

o) = Z{sG-7) - Sz €

~

} (€.37)

T 7L
-G (3~"T}‘)

where the point-charge densities are represented by delta functions.

This is the second Ewald component. Th{s may be integrated to give

.o - . erf;z{G(Y-"“Ee\l} '
§z(‘f) = % IY-"—Y;‘ '

which is seen to be identical with the second {erm on the R.H.S. of

(C.38) «

~ot

Eq. (C.23). _ » . . .

Now éé(?) vanishes in, the 1imit G + « and converges rapidly for

I . .
-@ ' ! T . ~— \
. . ! L

o
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H * ‘ N N w [ ’ ]02 . M

large G, whereas QZ(F)'\vanishtes' n the 1imit G »~ ® and con\ferges rapidly

for smaH G. Thus a proper choice of Gi ensures rapid conver\genc‘:e for .

A Y

“both sums.3 , \ ¢ l y 7

! In practice, it’is of little difficulty to find the appropr]ate
¢
G-value, as one can do sums in R- and in g-space over a few ions'and

" simply *adjust (*tune') G so thag the sums are of opposite sign and of

roughly equal magnitude. (A typical G-value is 0.5 f\'].) Once this

. . ’
has been done, any sum can be made to converge by summing over a max-. -
g N

v " imum of the eq'uivélent of sixty-four unit cells.# (4 L-shells) (i.es In
. Eq. (C.1) the maximum value for any %y would be Il].l =4.) This cor-" o~
] . K N . .
responds to a total of about 700 terms to be summed in each sche -

(K-‘and 3-). Converse]y,'a 'brute-force' sum, to get the same accuracy, ‘<@
would have to sum over roughly 2.4 million terms (correspondi ng to a

'spher'e ofwradius 400 K). Thus one has‘a¥sa‘vingr‘in computer time by a

factor of about 1700 using this’method. It is also found in actual
ca]qu]a'tjons that, if a given Ewald series converges for a given value

+

. . L of G, then the various expressions for the derivatives of that series
will also cor:,verge for: the same value of G. |
Note that, despite the dack of difficulty in determining an appro-
priate G-value, as descfr‘ibed above, some authors have gi‘venV verious
preécripfions or recip'e's forl G. For example, Weenk and Ha'rwig67 claim
repeated succese by taking G = V"}, where V is the volume of the unit
cell under eonsideration For a typ.ital V, this gives G.of the order
2 " of 0.2 R"]. Another method, reported by the same authors, is to take
< G-as being the inverse of the minimum d1stance between the ions in the

Jattice, This gives G = 0.5 ﬂ']_, which is the same as the value found,

above by comparing the leading terms in the R- and g-space expansions.
N L}

.
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. per se, is not used because one is interested in such quantities as the

, . 103

2 Derivatives and Correction Terms

. .In mogt applications, including thekﬁrééént study, Eq.«(C:ZG),

b

)

électric field strength, which involve the derivative(s) of Eq. (C.26). °
0 ‘ .

¥

, This is significant in that Eq. (C.26), as is, has singularities in fhe

:limits R~ 0 and 3 + 0. In cases where one sums over all the stiblattices

Of a crystal, these singularities will cancel, due to the (electrical)

neutrality of the éhysta1. However, th dre some cases where there are’
quantities (eé.g. electric dipole moents) where it is known a priori, from
symmetry c6nsiderat?ons,‘that, for a given uB]attice, the quantity in
question vanishes. It would therefore save computation time jif one'co!]d
sum only over the remaining lattices from which %t is known there is’a
non—ziro contfibution. However; one can do this only if one knows how
to deal with the singu1arif§es that would otherwise have been cancelled.
The method of dea11ng w1th this will be illustrated for the case of
. (C.26) and its f1r$t and second derivatives. For the work described '
here, one needs derwvat1ves up to and including the fifth order. As the

results for orders 3 to 5 are rather lengthy, they are given separately '

-in Sec. (C.3).

First, considering that it isfsufficient, to deal pnly with the ‘real

part of ( (C 26), that equation®may be written as

. e
2 L = 2 c 9/’Gcong Y) + Z
R

(€.39)
£ r . ;' 3/« s
If the sums are 11m1tnd to [ # 0, g # 0, one has
S L. 72 e’/“cos(; r) +Z
;+D o . J.{-o\ ’/"‘ ﬁqéo C
K ; (C.40)
y e@f: Car) _ 3_}4_,&,.., £ —‘—IT)} .
— "'t 3

R—*o

P
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; ’ o ¥ - . .
. where ih the last térm the limits for the exponential and cosine factors

4

‘have been taken., Clearly, the limit § + 0 is discontinuous. This is why

Eq. (C.40) can only be usgd in the case where one suyms over a neutral

rystal. If one is using Eq. (C.40) in a sum over a neutral crystal, the '

+ 0 1imit will also cancel.' Despite this, it is illustrative to eval-
uate this limit aﬁyway since it does in fact/éonverge, and becauﬁe*the

method of calculating it is similar to that for derivatives where the ,

~

corresponding 3 + 0 limit is continuous, thus allowing a sum over only

\
.some of the sublattices, if so desired. . Thg -technique is based on
14

“’
N3

- -

Eq. (C.22) and the fact that .
z -G RT
2 e “ )

»!n» {é\:r'.f (ar)} =@j‘g § A (C.41)

R —*e

Thus, evaluating the §--0 term in Eq. (C.40), one has

< ferfelar) _ 2 ) o L _'ev{(ae)‘} = - 2G|
f“: = A vk R s S (C42)

Now consider the case of the first derivative, gn;, of Eq. (C.39),
. ‘ ) .
where Ra’ a=1, 2, 3 are the Cartesian components of % _the vector R.

To eVa]uate this, one uses the relation

) { felar)} 2a -Gtktg
2 _JeviclGr = ~ 4G o AR . . .
9‘2« 3 \/;7: S R ‘ . (€.43)
The result is v
B SN e S e g sw(iY)
-_— = R Ir 'I-/ \ o’ >
IR L £ VGt s :
R o 2 )
_gzs_{erfc (ca) + Z(aR)E } (C.44)

Noting that Jim sin(3-¥) = lim (3-¥), lim (exp(-g°/46%)) = 1, and
\ g+0 g0 . g0 ' ‘

3 (I/R) = - Ra/R3, this may be-written as

3R
o

.
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]0%/

‘?“/c."v .

_____ i_ kg e . -?'-o .
g (R)} f;:g 7t F. Fn (3. 7)

\

-2 ;‘—‘{erfccc.e) rZleere” . . | _
e R T L BN
_ga..‘ [ g-v } ' ©(Cl45)

3‘—.0 v

7
. From the use of Egs. (C. 22) and (C.41), it is seen that the § -space limit

A

is identically zero. As to the g space limit, it is of the form

oﬁ,‘_(af')- = Aam { In I Y'/3 } (C.46)

g-re 3?.
Thus, in effect one requ1res the value of l1m g gB/g ). To determine
-0

this, rea11z1ng that its value depends on the direction in which. the limit

is approached, one may take the average va]ue evaluated over all p0551b]e
d1rect1ons. That 1s, one can integrate the expression over a sphere of
unit radius, and then get the average by dividing by 4m. (Th1s prdcedure
has been described by Misra andQLewis.GB) Thus using 9, =9 sin 6 coso,
g =g siq 8 sind, 9, =9 cos 8, one has

y 2 '
I (3.‘3,,), _z_f'r;,, Z:J{_:wqxad#.

3_.0 8‘» 47 Las +’° g ,

Now if o # B, the integrand will be an odd funct1on and the resu]t will

be zero. If o = B, the result will be 1/3, independent of o. Hence one

can write : S
\ L ( _—ﬁg“i) _.ffié. ’
\ ' ;“0 g% 3 (C.48)

whéxé SaB is the Kronecker delta function. Returning to Eq. (C.46), one
L] - 3

has\%im(ﬁ) = ra/3. Thus the final form for the first derivative, Eq. (C.45),

(‘ -3 Vs
{:e,‘( )} -WZ e
R-#& o™
7y s b
R ¥o .
\

Y

g Siv (F.F

¢
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Thus, in thi-s form, Eq. (C.49) may Bé used for sums in which not all of
the sublattices of a: given_c'rystal are 1nvo]ved, contrary to the situation
. with Eq. (C.40). | \ L TN

One may proceed in a similar’ fashion for the second derivative.

" Noting -that -

. - M A S N 34K —g‘;r o 5 (€.50)
. . SR.Rs ( ) D el : :
. g1ves “ 1 ﬁ' ) e A Y]
. 2{3&9@‘( )}" Z “& cos(g-¥)
" ) | ’ +R2:h[j;—x—'{az[6le)K~ 1+ 3&/?/; -2ZR [x/xig ; .
> . " R" v g 5‘1
Lm[r e {z(cn) ReRs + zzxk‘,g -2R J"x,s}
- ev$ (GK){sz v oc,s]! R* : - {C. 51) *
- ]

where Eq. (C.22) has been used. Clearly, from Eq. (C. 48), the §-hm1t ’

’

\ is - 471 § B Usi'ng Eq., (C.41), the R-limit may be evaluated to give
3V

: Rec K5 o . .
75»(3) gl }‘f Ef } + (C.52)

However', this is of the same form as'Eq. (C. 46\ gwmg
3

. .
Aon (€) = 2S5 . | )

Hence the final expression for the second 'derivative is

7/‘ - -
Z{:eax,s( ) “w; e’’” 5,: COS((?-Y‘)

-
22 {z(a,e) [ +3z.(k,, -z% &p} |
- o + ev‘fc(ac){sk Rs =R 8'“/_,}]4- _&‘.’E.{G = _z_r_} (C.54)
For the third- and higher- order demvatives, the \procedure ,#§ now
-‘stra,ight forward.: First, no more 'é';lim.élt problems will.be encountered,
since the g- dimension‘of the numerator will be greater fhan that of the
. . denominator, thus g1v1ng a §-limit 1d9ﬁt/1ca1]y zero Second, for the

R- -1imits, those of odd-order demvatwes will a]so be identically zero ~
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as was the case with the R-limit for the first derivative. The R—l‘imitts
fol even orders may be derived in a fashiop similar to that used to

obtain Eq. (C.48). This is done in Sec. C.3 . . . .

.3 Evaluation of‘fm;;her-Orderf Derivatives.
+ \ |

G.3.1 Third Order ' . . ’ .

In the following, for convenience,. one defines

o f = Gi | e‘?‘/«a‘- . ) L; 2 ) ( | (C.55)
{31= v Z ‘9 /% ehaT (c.56)
@ - 5 SED L e
The symbolic notation, 03 = 8, is also used. Then the third-
: : R ARGoR” ] N

order derivatives-become

-3V ear g
3pal 2 e 9, scalg¥ T
{7} | .g 2. po Toc 3s I 7 TN
where . ) s
: .
M DLy =0 (C.59)
and ? ' -
Lo :D?{E} - S[-% = e {1{ +1o+ +4-75 f&’ A’/‘fy
FJ\E' 4 :
S {qube (3+24') + 3 et (#)}{ wSry t Rsby + Ry 8
15 RuBaRr evie )] - (€.60)
RT ' . ‘
The 1imit to be evaluated in this case is lim [D3{R}], which, using
-0 \ .
P(2) = %(R.‘é,’,, +K ny+fy5,(/3) - 75 ,é},e,,,(,, (C.61)
‘ R7
is given by
M[D’{KJ _&“[———_.e {15+1o+ +‘+4’ }fx/\’,a(r
+h [ B4t s e28)+ soge (DR, SR bertRidnal

- 15 fg_g_x evfe(d)+ 1{—'@—?—,—! ‘;{:l(ﬁ“a;’!'.*'”} "’(C‘;62) CN
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"Using lim e)rf(¢)=z2r__q> e'¢ and erfc(cb) =1 - erf(¢), gives

a

/&mf)’{ﬂ i} |R_., ‘j% +7 +“‘+ }f RaRy

¢

-

R , - -~

+ 3;; 4:, ra ,,%Y] e :

= ’5"“”[_!%7 e {10& (ﬁ:ﬁaﬁx ’r‘G‘ KK(_L)

“f1Re\ s o [R ,\, (C.63)

TG {(?) Agf’”(’é)‘g ") «rsu

However, lim (R RBR /R3) = 0, since it is an odd function as exp]ained
+0 .

in Sec. C.2 . The same is true for lim (R /R). The va]ue of %m (R R /R )
R0 @

—

is firite, but it is multiplied by R » which is zero- hm1t. Thus
there are no correction terms.whatever for the third derivatiyve.’
C.3.2 Fourth Order R | - ‘

In analogy to the prev1ous notatiyon, one has
-2 /4 ™

':D“{z_} " "T 2 e g 5/’j72‘ Cos(y ) (0_64) -
and ) | | B
jm[w{ ] o e
I . J
Al
;o{ 2[{{_4’&9 (:Lo§ +704 y28¢ ‘e edI+ loSevﬁté)}M
Ry

{ bt (L§+Lo+ +4é")+ Is evfc(%')}x)
ge.‘e,, e+R.Ry s e+ R ReBygt e,,k,a‘“ *£yRe ,,,-H?,,Q&,,} £

+ {ﬁzﬂ’e (3+’+)+3evff—(*)}{g“ﬂsfe +ouydae t ‘;“‘ oy 5 %’ ~ (C.66) .

‘ .2 : :
Note that in the limit qne has e™® . 1, and that the term involving ¢6

" goes to(}eiro A]so; one has - '

‘l(z) = O xsdve + Sxy dne +£(e /sb’)

: .. .67
(fuf/s xe+“‘) * Ios RuRsKeke - , (\ )

4

L4



109

-~

Hence :
/&m[p"{ }} {Z.cb(\os ’P'IO:# +zg§")+lorevfc(¢)} g p?e

O

) ..{J_cp(.s +iop +ap? )+ s cvhc+)}{e,‘,€af”+ e 4
+{_{_4’(3*’-4‘)*-34«,:.-_(4»)}{9.(@’5“ . &
- ;}( S)’e ) + ’I:.‘,(‘?K A‘B’G ‘-(~\>.‘—::::P R

Y

: 3
= fo A (o 2ey?)(ReBeRele) - (o) (Dlsiger)

+ Z(S,s,, Sye + 0 ). : T (C.68)
o - ’
'However, using the methods of Sec. C.2, it is not difficult .to show that
,Z;au. R"Rﬁfr?e - X S c
T\t _1_5_(4%,, ‘ﬁ* S,n,‘g,e, + e %‘,) (C.69)
and N ~ \ ~ } - X
/N (R,.k,;5“+ R e RyfrctReRe Sy + Rsly Sue t RalRe b y R R St 12 )
R'\— B ’

R0

= % (8"/‘ Sre + SKX ‘S-/se + go‘l’c—&}g){) . (C.70?
Thus,
PR CIE FETORS
| {S,(K,Sxe + o § | (c.7)

,The terms in ¢ cance1 angd one is left with (recaH ¢.2 GR)

2‘:::[) {R ] = "S_I_ (;“/’SB’G"'&(Y: e + Sxe ,sx) (C.72)
C.3.3 Fifth Order
One has A
'3/" ' P (C.73)
S/7l.= I 9908y 38, 5w (§7) -73),
p 'D{g} v % 3 /‘{, vae 2 1 .
and ‘ . .
L [PFY] =e. . e
Alsoi.’o T ) ‘ : .
s = ’ ' ' .
Lo [3°(€3] = ,. e
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The expression for 02 (R} is

'A:D;{El - [..?:. ¢e-¢{/6¢8 -;—72l$é + 257:4>4+ 5"04)1’4- 94‘5}

-7¢5€ch (‘b)J KAKRYKG?I
+[J§-;4’€ {Bd: + ‘zac# + 7045"'-1-/05}1- los e.rfc(ck)] < J

(K K{Keé("' kaég +Eﬂ&£ +Ex@agx¥) K?
+ [ﬁ+e {8+ +284’ + 70# + /os'} + (oS evfe,(+?] x)

e

(K,Xﬂs,;m 5 tRRE+RRS+RRE +RRS B

v

- [r «be (4-4: + «o+ +15) + /5evfc (+)Jx2
(%5, S+&SS+R,§ .+ Kgsswes + R L3,

n AY sy
: 1
+RyS, § *”vz-ce Re§, 5,45k 51 Rl ;+zg {{ﬂ);
'[_f4’6 {4—4 +0d" +I§}+l$¢rf-¢(+)_]"j '
(é:(,s ¥e +- izr f;é i o(e ,gx) . e -~ (C.76)

>

The use of all of the equations related to Ewald's method is based on -
" the fact that the parametérs A;‘ can be expressed in terms of derivatives
of 1/r, ,Expré?sions giving these parameters }'n derivative form are

prow’de'g in Table ‘XIX.

€B8Y B ¥ eéx Cwxy ¥ ¢ 7

oy x
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TABLE XIX. -Derivative expresgions for the parameters A'::. ,
. * AN
m
n m An
. ' 12 (1 | :
« 2 0 4 9z [ r ]
1,,92 a2 (1) .
2 2 7 25z + '377)[ F]
1793 [
- e 40 92 v [ F.] : |
1, 9 a* (1 |
4 2 Al ol ay“)[r] |
: ' 1, 8%, 3% 3 v |
4 4 Bl ¥ 5y -7 |
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4 R 4
SN :
‘. X
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e .. Appendix D
‘ © DIPOLE MOMENTS FOR CeF, AND NAC1,.6H,0
. . ‘ ‘
,}/ ! Ll A ) ‘
. The dipole moments as predicted by the PCID model (using Eq. (5.14))
are p}'ovidéd for a representative host from each of the series
A considered in this work. The results are given in Table XX for
. . R L M , ) . " ' ) l“ .» o—‘_
CeF and in Table XXI for NdC13.6%%O. . ] ‘ : =
' AN
[- * * »
° . . , {
' ‘b
) | . -
!/
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v LY , o : 4 t
oy K o . » s ]
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. nz g
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+ TABLE Xt Dipole moments (Rre) for céF, as predicted by ‘the PCID model. L

The ions are/ numbered .in the same order as they appear in Table XV.

v

The three data coTumns give the x, y, z components, respectively, of

. s ) [V}
the induced dipole moment vector.
’ . . ) , . -
§ . . . ~ . * q
A computer printout of the tabular data is v
/ ' . [
T . .. ’ ) N L~ ST
3 : given on the following page. - , Y
‘ ' .
: i
v ot ) )
P - '
, & . .
. .
Y t ~ )
L3 A « )
’ * v
! 3 ‘
t . .
- ’, ’ —
¢ A
N »




ION

=
(@]

¢

VOO~NONN W =

10

P(X)

© ,9280E-02

-.3768E-02
-.5513E-02

- -.9280E-02

.3768E-02
.5513E-02
-.5513E-02
-.3768E-02
.9280E-02
.5513E-02
.3768E-02

-.9280E-02

. .

t

OO0 O OCOCO
- - - . -

. 1623E+00
-.1623E+00
0.
-.1623E+00

-1623E+00

S
S SN
®

iy

P(Y)

.2315E-03

.2315E-03"

.2315E-03
-.2315E-03
-.2315E-03

. -.2315E-03

.2315E-0%
.2315E-03

.2315E-03-

" =.2315E-03

-.2315E-03
"-_2315[2"03
-.2315E-02

.2315E-02
-.2315E-02
F2315E-02

o

OO OO
. .

fbc>c>o
« o N

P

-

[y

P(Z)

i

. 5E13E-02

-.9280E-02
.3768E-02
-.5513E-02
.9280E-02

-.3768E-02

-.9280E-02
.5513E-02
.3768E-02
.9280E-02

~.5513E-02

-.3768E-02

QOO OOO

:1623E+OO
0.
-.1623E+00
-.1623E+00
0.~
. 1623E+00

N
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. E * ' . , R o '@
TABLE XXI. . Dipole moments'(X/e) for NdC13.6H20 as predicted by the

PCID model. With reference to Table XVLI, the ions are numbered
according to the fo]]owingxofderfng of sublattices: - R, C](I),xcﬁ(II);
then the oxygens, fo]]owed by the hydrogens. The three data columns

‘give the Xy ¥y 2 cqmponents,'resbectiveiy,,bf the,induéed dipole

, moment vector. D v
) 0 X '
A computer printout of the tabular data is
’ . .given on the following page. . -
‘ N P '
)
-« T L
- : -3
-~ \ '
H4 .
( ‘ \
)
3 . .
. o N
‘ . . '
- . » '
rd ! -



P 1

N

Y

e
no
&=

-

—

n NN
W N —

w N oo
QW o~IoWUm

LW W w
Ul W) -

36
37
38
39

40

41
42
43
Iy

[\)_a_n_»_n_a_a_\_n_a_'a : - :
OOV WN = OWVWO~NOUN W -

'ﬁ\\ .1213E-Q4

- 1213E-04

7.

P

-.3399E-02

-.3553E-02

s T413E+00
. 1413E400

.T643E-01
.7643£-01

-. 1110E+00.
L1110E+00
" . 1110E+00

-.1110E+00
.6708E-01
.. 6T08E-01
.6708E-01

.4319E-01

© =, U319E-01.

LU4319E-01
.u319E10T

.3856E-01

.3856E-01 .
‘~.3856E-01

.5781E-01
.5T81E-01

1

~.5781E-0T
. .5781E-01
.6738E-01 .

. 6738E-01
-6738E-01
.6738E-01
-.81Q2E-02
.8102E-02
.8102E-02
-.8102E-02
. 2130E-01

' -.2130E-01

-.2130E-01
©»2130E-01

. T413E+00°

L 1473E+00
. 7843E-01
.TH6U43E-01 -

S6708E-0.1 ,

.3856E-Q1"
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S 2U31E~0U

'

;

PCY)

- 2431E-04
-.3759E-02
.6617E-02
. 3841E+00
. 3841E4+00
. 3841E+00
.3841E+00

. TH14E+00

. TH14E+00

-, 14145E+00"
C1414E400

W BUE5E-01

~.8U65E-01
. BY65E-01
.7T910E-01
.7910E-01
.7910E=01
“T910E-01
STH61E-01
. T461E-01
(TUE1E-D]1
-, TH61E-01

a

-.4793E~01.

-4793E~01
.4793E-01
. 4793E-01
-.3961E-01
.3961E-01
.3961E-01
3961E-01
H197E-01
. 4197E-01
.4197E-01
.4197E-01
.6915E~02
.6915E-02

t

.6915E-02

.6915E-02
. 1328E-01
. 132BE-01
- . 1328E-01
. 1328E-01

.8465E-01-

’ - - A
. P(2)

.9003E-01

© ~.9003E-01

J4279E-02
-.2449E-02
.5306E+00

" ~.5306E+00.

, .5306E+00
-, 5306E+00
.9495E =01
~.9495E-01s
.9495E-01
-.9495E-01

- -.1080E+00

.1080E+00
-.1080E+00
. 1080E+00
.2335E+00
-.2335E+00
.2335E+00
-.2335E+00
-.1289E-01
.1289E-01"
-.1289E-01
.1289E-0%¥
-.3468E-01
'.3“68E? 1

.. 3468E-01

. 346BEL01
L UBTHE-01

- -.48THE-01

LU8THE-01
- 48THE-Q7
. 1284E-01
-.1284E-01
. 1284E-01

-, 1284E-01

- Y O0BBE+00
. 1088E+00
-. 1088E+00
. 1088E+00
-.9082E-01
©,90B2E~01
-.9082E-01
* 9082E~01

)

*
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\ Appendix E |
LISTING OF COMPUTER|PROGRAMS ' L

N

- The computer programs used for the PCID model calculations for

" the two series (RF3 and RTH) are given. - Although the programs are
R

", . not documented, an explanatory note is provided with,each. This,

plus an understanding of Appendix C (Ewald's method) soulld make
A ' _ y

A hem usable. , C o '
N I3 B N \
, . t om \ ’ ) N

. Progrpmllndex -

. | qugram Namé ‘ ~ Page
rot . mug
FLO2 o 27
FLO14 ' - 133
FLO24 e 11
TRY . 7.
L3R ‘ 156
TRY4 | 66
o I 173

I .
¥

[N
*

117
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Program FLO] calcﬁ]ates all quanfitiés for the series RF3 whgch do not
depend on’ polarizabiﬁtry va]ues.‘ Im’_tiia] data is read from a file which
contains the information givén ‘in Table XV. The output is stored on a

tape which is fo be read by FLO2. Both FLO1 and FLO2 deal only with

seco,nd'—order kn = 2) parameters.

| i
N

'
N . P
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N
- ~
.
t
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T 228

229
230

. NTB1

! 119

PROGRAM FLO1(INPUT, OUTPUT, TAPE15)

’

DIMENSION R(3), 0(3) X0(24 ) ,Yo(2u) ,zo(2u), P(zu 3),
TANC 4, 3).{A NAME(u) DIRQM(3 3) RECQM( 3,3), QM’AT1(2M

2 QMAT3(2MN

»3), DIREL(B) RECEL(3) DIRPO(3 3),

3TEMSEL(21I 3) PNM(3 24, 3) E(2N,3),TR(3),TG(3),
4 QMAT2(24, 3 3) IESS(ZN 3, 3),RECPO(3,3)

'COMMON/ONE/G RPROD .
COMMON/REPLY/ANS1 , ANS2 _
COMMON/ADD /QMAT3
COMMON/CHADD/ISITE , TEMSEL
COMMON/FIELD/E
COMMON/OLLA /FACMOD
COMMON/VOL/V, INUC
DATA PIE/3. 14159/
DATA (AN(1,1I),I=1,
DATA (AN(2,1I),I=1,
DATA (AN(3,I),I=1,
DATA (AN(4,I),I=1,
DATA BET/60./
DATA GEE,ILIM, INUC/O . 5,4,2/7
DATA IPRIN/1/ .

‘1=LA‘2=CE3=_PR 4 = ND

ANAME(1) = 2HLA
ANAME(2) = 2HCE
ANAME(3) = 2HPR -
ANAME(4) =

2HND

_ANUC = ANAME (INUC)

BET = BET*(PIE/180.) -

Dg 2101 = 1,24
AD 215,(P(I,d),J=1,3)

'FORMAT(3(F7.4))

CONT INUE 1

I =71,24
DO 229 J = 1,
READ228,(1IESS
FORMAT(3(I )
CONT INUE

2
3.
(JK)K13)

CONT INUE ~ v

1

NTB2 = 3 .
C'= AN(INUC, 1)

A = "AN(INUC,2) ®
B.'= AN(INUC,3)

3)77.186,7.186,7.352/
3)/7.112,7.112,7.279/
3)/7.061,7.061,7.218/
3)/7.030,7.030,7.

119/

3,3,
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loXe)
L

V = A¥B¥C¥SIN (BET)

DO 9999 ITRIP

1,3

IF(ITRIP.EQ.1) ISITE
IF(ITRIP.EQ.2) ISITE

H un

oo

A=

IF(ITRIP.EQ.3) ISITE.

T
-

/
P(ISITE,
BBN = P(ISITE,
“CCN = P(ISITE,
DO 999 I9 = 1,

1)
2)
3)

2k

20(19)
X0(19)
. YO(I9)
. 5

. DO 510

RECEL(L

DO 500 M
DIRPO(L,
RECPO(L,
DIRQM(L,
RECOM(L,
500 CONTINUE
510 CONTINUE

DO 100 I

L
DIREL(L)

P(19,1) - AAN
P(I9,2) - BBN

w

)

uoionon
OCQOO0OW.

M)
M)
M)
M)

SN eSO -

= 1,ILIM

! AL = FLOAT(I) - 1.
2000 CONTINUE

DO 95 J

= 1,ILIM

AM = FLOAT(J) - 1.

1000 CONTINUE

DO 90 K = 1,ILIM
ANN = FLOAT(K) - 1.
TL = 2.%PIE*AL

TM = 2.%PIE¥AM

20 R(1

TN = 2.%PIE*ANN
)

P(19,3) - CCN -

120

.

(AL + XO(I9))*A -~ (AM «+ YO(I93)*B*COS(BET)

R(2) = (AM + YO(Ig))*B*SIN(BET)
R(3) = _(ANN + ZO(IQ))*C
, G(1) = TL/A
, G(2) = TL*COS(BET)/(A*SIN(BET)) + TM/ (B*SIN(BET))
G(3) = .TN/C
C
, TR(1) = R(1)
TR(2) = “R(2)
TR(3) = R(3)
TG(1) = G(1)
TG(2) = G(2) °
. TG(3);§ G (3).
-C

SQRT(R(1)**2 + R(2)%%2 + R(3)**2)

&
.o
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888

C

2222 FORMAT(]X I2,2%, 3(F3 O 1X) ,§10. 5

3 '121

IF C(ITRIP. :EQ 3).AND. (RV. LE 3. 0)) PRINT 2222,19, AL,

TAM, ANN, RV, CR(KK) ,KK=1,3)

GV

SQP = SQRT(P;E)

R2P = (RV*®%2)%3QP

RUP = (RV¥%%4)¥sSQP

RS ‘'z RV¥¥5

R6P = (RV¥*¥*p)*3QP

R7 = RV¥%7

G2 = GU¥¥D2

G3 = GEE*#3

G5 "= GV¥¥5

GRV = GEE*RYV

GR2 -= (GEE*RV)*¥2 - -~
. IF(GR2.GT.100.) GO TO 888
- EXPD = EXP(-GR2)

GO TO 889

EXPD = 0.

CONTINUE

889

CALL ERFN(GRV,ERROR)
{s.

IF (RV.EQ.0.) GO TO 80
DIREL(L)
1 %R (L)¥EXPD/R2P ;

IF(ISITE.NE.19) GO TO 80
DO 801 M =" 1,3,2
IF(L.EQ.M) DEL1

DO 776 L =

1.

" IF(L.NE.M) DEL1 = 0. °

801
80

DIRPO(M;L) = DIRPO(M

1 RUP + (8.%G5/R2P))*

L) - ((
(TR(L ) *(
2 GEE)/R4P)*EXPD + ((4.*G3) /R
+ TR(L))

3 RS)*(2.*TR (M)¥DEL 1
L #%2 ) ¥ERROR ) /RT
CONTINUE
CONTINUE

DO 775 M = 1,3
IF(L.EQ.M) DELTA
IF(L.NE.M) DELTA

1.
0.

IF(RV.EQ.0.) GO TO 81
DIRQM(L,M) = DIRQM(L,M) +

TEXPD/((RV**2)*¥SQRT (PIE))" +

2((RV¥RY)* _

1%,3(F10.5,1%))

§QRT(G(1)**2 + G(2)**2 + G(3)**2)

L3

DIREL(L) ~ R(L)*ERROR/(RV**3) + 2. *GE’E

30.*GEE)/R6P + 20.%G3/
TR(M) ¥*¥2))*EXPD + (((6.*%
2P)*¥EXPD + (3..*ERROR)/
- (15.%TR(L) *(TR(M)

*,‘ ’ J

-

L4 % (GEE**3)*R(L )*R(M)*

6. ¥GEE*R(L)*R (M) ¥EXPD/

2.*GEE®EXPD*DELTA/((RV*¥2)*3QRT(PIE))

3SQRT(PIE)) + (3.*R(L)*R(M)/(RV**2) - DELTA)*

ll(ERROR/(RV**3))




788 EXPG = 0. : . N
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-

GO TO 777  __
81 DIRQM(L,M) = DTRQM(L,M) + 4 .*(GEE**3)¥DELTA/(3.¥
1SQRT(PIE)) ) \ \
777 CONTINUE )

775 CONTINUE o .
776 CONTINUE

IF((AL.EQ.0.) .AND.(AM.EQ.0%.) .AND. ( ANN.EQ. o ))GGG = 0.
IF(GGG.EQ.0.) GO TO 745" :
GRAT = (GV/(2.*GEE))**2 .
IF(GRAT.GT.100.)G0 TO 788

EXPG' = EXP(-GRAT)

GO TO 789 -

789 CONTINUE

~ CALL DOTPC(BROPC) .
CALL DOTEL(PROEL) - ‘

745 CONTINUE ' ' > -
: S e '

.D0O 760 L = 1,3 , -

IF(GGG.EQ.0.) GO 10 755 : '

RECEL(L)y= RECEL(L) + (PIE/V)*4, *G(L)*PROEL*EXPG/CZ

IF(ISITE.NE.19) GO TO 755 ‘

DO 754 M = 1 y 3,2
RECPO(M,L) = RECPO(M L} + (4. *PIE/V)*TG(L)*(TG(M)
1. **2)*PROEL*EXPG/GZ

13

. 754 CONTINUE -

A O

755 CONTINUE ~

a

“DO 750 M = 1,3 )
IF(L.EQ.M) DELTA = 1.
IF(L.NE.M) DELTA = O.
IF(GGG.EQ.0.) GO TD 54+ - *

RECQM(L,M) = RECQM(L,M) - (PIE/V)*4 *G(L)*G(M)*PROPC
1%EXPG/TGV**2) : g

GO TO 778 . : ‘

54 RECQM(L,M) = ‘RECQM(L,M) - U.¥PIE*DELTA/(3.%V)
778 CONTINUE C / ST ‘
750 CONTINUE : L
760 CONTINUE -

GGG = 1. . ‘ ) : '
IF(ANN.LE.O.) GO TO 90 - : . - .
ANN = — ANN , . .
TN-=' - TN , - , : :
GO TO 20 -

90 CONTINUE .
IF(AM.LE.0.) GO TO 95
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AM = - AM <
_TM = - TM | -

GO T0'1000 v
95 CONTINUE ~‘ .
IF(AL.LE.O.) GO TO 100

AL = - AL .
TL = - TL _ X
GO TO 2000 o
100 CONTINUE
C : ,
C

DO 340 L = 1,
TEMSEL(I9,L)
IF(ITRIP.NE.3

DIREL(L) + RECEL(L)
GO TO 349

DIRPO(1,L) + RECPO(1,L)
DIRPO(3,L) + R%POB,L)

3
)

PNM(1,I9,L)

' PNM(3,I9,L)

349 CONTINUE

. DO,330M =+1,3° )

- IF(ITRIP.EQ,2) GO TO 350
IF(ITRIP.-EQ.3) GO TO 360 -
QMAT1(I9,L,M) = DIRQM(L,M) + RECQM(L M)
GO, T0.370

350 QMAT2(I9,L,M) = DIRQM(L,M) + RECQM(L,M)

., GO TO 370 ‘ ;

¢ 360 QMAT3(I9,L,M) = DIRQM(L,M) + RECQM(L,M)

370- CONTINUE L .

330° CONTINUE

340 CONTINUE .

| : »
. 999 CONTINUE

. " IF(ITRIP. EQ. 3) CALL CHARE ' oo
N CALL CHAEL . ‘

c - .
9999 CONTINUE

-

.DO 3200 I = 1,24

DO 3190 J = 1,3

WRITE(15,3180) (QMAT1(I, J,K) ,K=1,3)
“ WRITE(15, 3180)(QMAT2(I,J,K) k=1, 3)
WRITE(15, 3180) (QMAT3(I,J,K),K=1,3)

- 1 3190 CONTINUE
- ~+ 3200 CONTINUE
3180 FORMAT(3(F15.8)
WRITE(15,3180)(
WRITE(15,3180)(
'WRITE(15, 3180)(

) 01 71

: DO 3170 I
<  WRITE(15, 3
o WRITE(15,3

e
e~ N
oo &
ZZ

= 1
180
180



e

C

cC

3170
3160

3111

3119
3120
3118

eXoXe!

10

15

FORMAT(3(I2))

. 124

CONTINUE

WRITE(15, 31—60)FACMOD V, INUC,ANS 1, ANS2 -

FORMAT(2(F15.8) ,11,2(F10.4))
CONTINUE

1,20

‘1,3

DO 3120 I
DO 3119 J

?

WRITE(15, 3118)(IESS(I J,KJ,K=1,3)

CONTINUE
CONTINUE

»

STOP

END

SUBROUTINE CHARE

DIMENSION QMAT3(24,3,3), TE(2 2)

\
+ 2, *QMAT3(

.

+ 2.%QMAT3{I, 1,1

COMMON/ADD /QMAT3
COMMON/OLLA/FACHOD
COMMON/REPLY/ANS 1, ANS2
TE(1,1) = O.
" TE(1,2) = 0.
TE(2,1) = 0. -
TE(2,2) = 0. ,
DO 101 = 1,18
TE(1,1) = TE(1,1) + QMAT3(I,3,3)
TE(2,1) = TE(2,1) + QMATBG$ 3,3)
CONT INUE
DO 15,1 = 19,24 ' =+ .
TE(1,2) = TE(1,2) + QUAT3(I,3,3)
TE(2,2) = TE(2,2) + QMAT3(I,3,3)
CONT INUE T
E1 = TE(1, 1)*(-1.) + TE(1,2)¥%(+3.)
E2 =.TE (2; 1)%(=1.) + TE(2,2)%(33.)

AK1 = -12.% (1534, %¥8) /(5 * (3220
= 16.%1534./(245.¥32200.)
RCAP2 = -0.07%(0,529%%2)

. R2 = 0.785%(0.529%%2)

AKAY = AKT1*R2 + AK2*RCAP2

GAM = 0.33

CONV = 116195.62

FACMOD = CONV¥*AKAY*GAM®29, 9 )
" ANS1 = -~ 0.25*FACMOD*E1

ANS2 =+ ~ 0.25*FACMOD*E?2
RETURN,

END .

v

. *%2)¥4,0000.)

|

1)

)




)

125 -

SUBROUTINE CHAEL e \
- DIMENSION TE(2,3),E(24,3), TEMSEL(zu 3)
_;OMMON/CHADD/ISITE TEMSEL

7 COMMON/FIELD/E
c = , ‘j ‘
D05 I =1,2 ¥ ,
DO 4 J=1,3 g PR :
TE(I,Jd) = 0. b
4 CONTINUE -
5.CONTINUE N
c : - )
’ DO 100 I = 1,18 , \\
DO 8 J =1,3 ' '
“TE(1,J) = TE(1,J) + TEMSEL(I,{) o

8 CONTINUE" f

.

10 CONTINUE

- ] ;
DO 15 I = 19,24
DO 14 J = 1,3
' TE(2,J):=’TE(2,J) + TEMSEL(I,J)
14 CONTINUE
15 CONTINUE
c

DO 20 I =1,3 ' '
EQISITE,I) = TE(1,I)*(-1.) + TE(2,I)%*(+3. )
20 CONTINUE

e Ne!

RETURN

END

SUBROUTINE ERFN(GRV, ERROR)

DATA  P/0.3275911/

DATA A1/0.254829592/

DATA A2/-0.284496736/ .

DATA A3/1.421413741/ T

DATA AlU7/-1.453152027/ ; b
DATA A5/1.061405429/ :

T = 1./(1. + P*GRV)" .
IF ( GRV.GT.10. ) GO TO 50
EX = EXP(-(GRV¥*¥*2)) i
~ GO TO 60 - -
JzSOEX:O'. . ) ‘
"~ 60 CONTINUE

ERROR 1. - SUM*EX
ERROR 1, - ERROR -

_RETURN ‘ ‘ \
END. ’
SUBROUTINE DOTPC(PROPC)’

DIMENSION R(3),G(3),PRO(3)
COMMGN /ONE/G, R, PROD

)] n

.G . o

SPRO = O, - R

SUM = A1¥T 4+ A2¥T#¥D . A3¥T**¥3 AN*T*?M + AS*T**SU

157
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; ‘ ; . D0 10°I = 1,3
3 o PRO(I) = G(I)¥R(I)
: ~* SPRO = SPRO’+ ERQ(I)
, 10 CONTINUE S
. ST PROPC- = COS (SPRO)
' . " RETURN ' .
, END . -
i : : " SUBROUTINE DOTEL(PROEL)
: S « DIMENSTON R(3),G(3),PRO(3)"
i \ COMMON/ONE/G,R,PROD - * °.
; - ¢ - . .
' SPRO = 0. .-
: = DO 1071 = 1,3
N : ; PRO(I) = G(I)¥R(I)
, ) : SPRO = SPRO + PRO(I)
. 10 CONTINUE . - . N
PROEL = SIN(SPRO)
. RETURN -
; END
ST o
| - g
; N
- / , .
» | '
| ?:':D S
¢ o
[ : ’( * %‘,
> Q. ¢ ° J \‘
4 ‘
E 0 . k \ - ,
. 1 " \‘
1. LY ' N -




P AN ATt s G
, .

PP

-

B L

e e

E-2

-

W

T

127

- ~

Program FLO2 reads the output from FL61 and proceeds t'd calcuiate the

.

induced dipole ‘moments' at the various ion sites. The external® library

subroutine LEQT2F solves, the required set of simultaneous linear
. P § ‘ .
equations. The spin-Hamiltonian parameters are then calculated.

’

-

The reason for sth't:ing up FLO1 and FLOZ is that the former may be run

once and the data sf;ored permanently, while' FLOZ reduires numerous runs

’

in order to obtaip the appropriate polarizab{ﬁty values.
, . .

iz




Iy

3190
3200
3180

3170
3160

3305

800
810

WV = O

VN W N -

* - '
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PROGRAM FLO2(INPUT,OUTPUT,TAPE15,TAPE19)
DIMENSION WK(40),IESS(24,3,3),ALIV(24,3,3),
QMAT2(24,3,3),QMAT3(24,3,3),QMDEL1(24,3,3),
.QMDEL3(24,3,3),PROD1(24,3,3),PROD2(24,3,3),
ESS(24,3,3),QUPE(5,5),DIMO(24,3),ELF(5) ,E(24,3),
DEL(24,3),B20EXP(4) ,B22EXP(U) ,QMATI(24,3,3),
REDO(3,3), QMDELz(zu 3 3), PROD3(2u 3,3,
PNM(3, 21, 3)
EXTERNAL LEQT2F

DATA (B20EXP(I),I=1 u)/o.693,0.735,0.773,0.795/

DATA (B22EXP(I),I=1,4)/-0.085,-0.084,-0.081,-0.149/"

DO 3200 I
DO 3190 J

1,24
1,3
READ(15,3180) (QMAT1(I,J,K
READ(15,3180) (QMAT2(I,J,K
READ(15,3180) (QMAT3(I, J,q
CONTINUE
GONTINUE
FORMAT(3(F15.8))
READ(15,3180)(E(1,1),
READ(15,3180) (E(13,1)
READ(15,3180)(E(19,I)
DO 3170 I = 1,24 =
READ(15, 3180)(PNM(1 I,d),d=1,3)
READ(15, 3180)(PNM(3 1,J),d=1,3)
S

CONTINUE
READ(15,3160)FACMOD,V, INUC, AN
FORMAT (2(F15.8),11,2(F10.4))

1, ANS2

WRITE(19,3305)INUC . :
FORMAT(1X, *TRIFLUORIDE RESULTS INUC = VORI
DO 810 I = 1,24 ,
DO 800 J = 1.3 : \ ,
DEL(I,J) = 0. , : .
CONTINUE .. o
CONTINUE ~ : .
DEL(1,1) = 1. ‘ t
DEL(13,2) . :
DEL(19,3)

= 1. , !
= 1

DO 51 =1,
DO'4 J = 1,
READ (15,6)
FORMAT(3(12
CONTINUE -
CONTINUE

24
3 . n
g%ESS(I J,K),K=1 3) - -

j
.

DO 91 = 1,24 ‘

ESS(I,1, 1) FLOAT(IESS(I, 2,25)
ESS(I,1,2)-= FLOAT(IESS(I,2,3))
ESS(I,1,3) FLOAT(IESS(I 2,1))

N
. . 1
“ . ’
s : : f
IS

1 ll 3]




oNeoRe!

: ESS(I 3 3)

17
18
19

© ALIV(I,3
CONTINUE
D0 15 I =
ALIV(I,1

20

15

25
30

"ALIV(I,J,

CONTINUE"

‘

DO 294 IGR
ALFL1"
ALFLZ2.
ALFL3
DO 293 IFR
ALLA1
ALLA2
ALLA3

nonou

noar N
@ m e
SN S

o
o
—
oo
S
nonon

.
b b

CONTINUE
CONTINUE
CONTINUE

DO 20 I =
ALIV(I,1,1
ALIV(I,2,2

3

1
ALTV(I,2.2
ALIV(I,3.3
CONTINUE

DO-35 1 =
DO 30 J.=

DO 25 K =

QMDEL1(K, I
QMPEL2(K, T
QMDEL3(K,I
CONTINUE .
CONTINUE -
CONTINUE .

W un

\ 'l N
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FLOAT(IESS(I, 3
FLOAT(IESS(I, 3
FLOAT(IESS(I,3
FLOAT(IESS(I, 1
FLOAT (IESS(I, 1
FLOAT(IESS(I 1

'
)
’
r
1
’

= 1,1

- e -

PR S N =
.

InNHwwnn W= ~» -

L1 I T | S G

-

0. O1U38 + 0. OOOOJ*FLOAT(IGR)
ALFLY + 0. 0000 :
ALFL1

1,1 s

2.493 + 0.002%FLOAT(IFR)
ALLAT
ALLA1

-

L) N~ s

- e N =
N

L=

(=]

R Y

[ea]

1./ALFL1
17/ALFL2
1./ALFL3

24 . ] N
1./ALLAT .

1./ALLA2. ' '
1./ALLA3 C

ALIV(K I, J)*DEL(K 4) - QMAT1(K I, J)
ALIV(K,I,J)*DEL(K,2) - QMAT2(K,I yJ)

‘e

ALIV(K I J)*DEL(K 3) - QMAT3(K I J)_

St



490
495
500

480
485

'PROD3(I,J,

QUPE(I,J) = 0.

~

DO 500 I
DO 495 J
DO 490 K
PRODT(I,J,K
PROD2(I, J,K

K

noun
£

Nt N s mmeh ek kS
oL W o

CONTINUE
CONTINUE . -
CONTINUE

DO 485 I

5 -
DO 480 J 5

1
1

IHon

CONTINUE
CONTINUE

130

je

'PROD1(I,J,K) + QMDEL1(I,J,L)*ESS(I,L,K)
PROD2(I;J,K) + QMDEL2(I,J,L)*ESS(I,L,K)
PROD3(I,J,K) + QMDEL3(I,J,L)¥ESS(I,L,K)

:U
Qo
l=
[\¥]
~
H
C_,

tounu

PROD3(I J
40 CONTINUE
45 CONTINUE
50 CONTINUE
55 CONTINUE

L DO-70 I
\ DO 65 J =
QUPE(4,J)
QUPE(S5,J)

DO 60 K =
QUPE(J,K).

60 CONTINUE . S

65 CONTINUE - A oo L

. 70 CONTINUE o |

1,12
1 @

= QUPE(4,J) + PROD2(1,2,J) .
= QUPE(5,J) + PROD3(I,3,J)
1,3
= Q

UPE(J,K¥ "+ PROD1(I,J,K)
; ‘

DO 85 I
QUPE (4, 4

; 3
QUPE(5,4)
)|

QUPE(H 4) + PROD2(I,2,2)

- QUPE(5,4) + PROD3(I,3,2) -
DO 80 J '3
QUPE(J, 4 Qu
80 CONTINUE
85 CONTINUE -

9

Il —-l‘ll "n -

PE(J,U4) + PROD](I,J,2) '

0y

UPE(U 5) + PROD2(I 2,3)

DO 95 I )
Q
QUPE(5,5) + PROD3(I,3 3)
'3
Qu

= 1
QUPE(4,5) =
QUPE(5,5) =
DO 90 J =1

) =

QUPE(J,5 PE(J,S) + PROD1(I,J,3) C :




90 CONTINUE
95 CONTINUE

- 195

200

100

105
110

IDGT =

0

1

_CALL LEQT2F(QUPE, 1,5,5,ELF,IDGT, WK, IER)

w

115

120
125

130
135
140

2223

Ao

2222

DO 200
DO 195
DIMO(I

I
J

»J)

CONTINUE
CONTINUE

DO 110

‘DO 105

DO 100
DIMO(I

I
J
K

yd)

CONTINUE
CONTINUE
CONTINUE

‘ELF (1)

ELF(2)
ELF(3)

DO 125
DO 120
DO 115

DIMO(I,

I

J7

K
J)

CONTINUE
CONTINUE
CONTINUE

ELF(1)
ELF(2)
ELF(3)

DO 140
PO 135
DO 130

DIMO(I,
CONTINUE
CONTINUE
CONTINUE

DO 2222 I

i nn

AN G

J)

WRITE(19,

FORMAT(1X,

CONTINUE

= 1,2“
= 1,3
= 0. ¢
= 1,12 , ’
= 1,3
= 1,3 y
= DIMO(I,J) + ESS(I,J,K)*ELF(K)
L%
0. '
ELF(4)
O. \/
=-13,16
= :,g
"= DIMO(I,J) + ESS(I,J,K)¥ELF(K)
)
0. ‘
0. ,
ELF(5) .
= 19,2“ )
:']3 A
= 1,3
E DIMQ(I J) + ESS(I,J,K)*ELF(K)

= 172“ ‘ )
2223)(DIMO(I,J),J=1,3)
3(E10. 3, 3X)}

. a ‘ !
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; EPO1 = 0. E

) 5 EP02 = 0. -
DO 160 I = 1,24
DO 155J = 1,3 ‘
EPO1 = EPO1 + DIMO(I, JYEPNM(3,1,d) '

EPO2 = EPO2 + DIMO(I, J)*(2 *PNM(1 ,I,J) + PNM(3,1,d))
: 155 CONTINUE . ‘ | .
: 160 CONTINUE - -

C -
ANS21 = "= 0.25*FACMOD*EPO1 .
ANS22 = - 0.25*FACMOD¥*EP0O2 C s
C i} .
BTOTO = ANS1 + ANS21 A R -
BTOT2 = ANS2 + ANS22 . 3
DIFFO = BTOTO -.B20EXP(INUC)
DIFF2 = BTOT2 - B22EXP(INUC)
. C :
BOEX = B20EXP(INUC) . : .
B2EX = B22EXP(INUC) . , .-
FAC11 = (BTOTO - BOEX)¥*%*2 -
, T FAC21 = (BTOT2 - B2EX)*#¥2 .
. ' FACDE. = BOEX¥*¥2 4 B2EX¥¥2
S FUNC = (FAC11%(B2EX**2) + FAC21%( BOEX¥¥*2))/FACDE
. . C . .

~ IF(FUNC.GT.0.00005) GO TO 293 ‘
) o <+ " WRITE(19,3311) ALLA1,ALLA2,ALLA3,ALFLT, ALFLé'ALFL3
- : " 3311 FORMAT(1X, 3(F6.3,2X),3(F11.7,2X))
‘ ~ Lo WRITE(19,3322) ANS1,ANS21,BTOTO0,BOEX, DIFFO ,
. WRITE(19,3333) ANS2,ANS22, BTOTZ B2EX,DIFF2, FUNC ,
: - 3322 FORMAT(1X,5(F9.4,2X)) .
R 3333 FORMAT(1& 5(FQ.4,2X) E10.3,/) -

293 CONTINUE ° | :
294 CONTINUE e ‘ ,
295 ,CONTINUE : ‘ '

STOP
END
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.

Program FLO14 is similar to FLO1 except that it deals with fourth-order . .

parameters. ‘ ) .

N
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. 228 FORMAT(3(12))

-

PROGRAM FLO14(INPUT OUTPUT,, TAPE16)

DIMENSION R(3),G(3),X0(24), Yo(zu) Z0(24),p(24,3),
1AN(4,3), ANAME(M) DIRQM(3 3) RECQM(3 3), QMAT1(2u 3 3),
2 QMAT3(2u 3,3), DIREL(B) RECEL(3) DIRPO(3 3), .

3 PNM(3, 24, 3) E(zu 3), TR(3) TG(3), QMNEW(zu 3)
gMATZ(zu .3, 3) IESS(zu 3, 3) RECPO(3 3)
MMON/ONE/G R, PROD

COMMON/REPLY/ANS1,ANSZ;ANS3

COMMON/ADD/QMNEW '

COMMON/QLLA/FACMOD

COMMON/VOL/V, INUC . ‘.

DATA PIE/3.14159/ o y
"DATA {AN(1,I),I=1,3)/7.186,7.186,7.352/

DATA (AN(2,I),I=1 3)/7 112,7.112,7.279/

DATA (AN(3,I),I=1,3)/7.061,7. 061 7.218/

DATA (AN(4,I),1=1,3)/7.030,7.030,7.119/

DATA BET/60./ .

DATA GEE,ILIM,INUC/O.

1

*»
?
?
?

5,4,47

" ANAME(1) = 2HLA 3
ANAME(2) = 2HCE - -
\ ANAMEEB) = 2HPR - . :
ANAME(4) = 2HND

* ANUC = ANAME(INUC)

BET = BET*(PIE/180.)

DO, 210 I = 1,24 | .
READ 215, (P(I J),d=1 3)
- 215 FORMAT(3(F7 U))

210 CONTINUE

DO 230 I = 1,24 . . '
DO 229 J =1, '3 - S
READ228, (IESS(I,J,K) ,K=1 '3) . »

229 CONTINUE
230 CONTINUE

1

3 A - ,
AN(INUC, 1) : L,
AN(INUC,2) =~ : —
AN(INUC,3) , .

A*B*C*S{y(BET)

: a )

/

NTB1
' NTB2

<m0




500
510

© 135

DO 9999 ITRIP = 1,3.

IF(ITRIP.EQ.1) ISITE = 1°
IF(ITRIP.EQ.2) ISITE = 13
IF(ITRIP.EQ.3) ISITE = 19 \
AAN = P(ISITE,1)
BBN = P(ISITE,2) -
CCN = P(ISITE,3)
DO'999 I9 = 1,24
Z0(I9) = P(I9,1) - AAN
X0(I9) = P(I9,2) - BBN
YO(I9) = P(19,3) - CCN
DO 510 L = 1,3
" DIRQM(L) = O. ,
- RECQM(L) = 0.,
DO 500 M = 1,3 \ N
DIRPO(L,M) = 0.
RECPO(L,M) = 0. ’
CONTINUE ,
CONTINUE
DO 100 I = 1,ILIM o o
AL = FLOAT(I) - 1. o »

2000

1000

20

CONTINUE _
DO 95 J = 1,ILIM L -
AM = FLOAT(J) - 1. S ‘
CONTINUE

DO 90 K.= 1,ILIM

ANN = FLOAT(K) - 1:°

TL = 2.%¥PIE*AL .
TM = 2.%PIE*AM- .
TN = 2.¥PIE¥ANN o
R(1) = (AL '+ X0(I9))*a - (AM + YO(I9))*B*COS(BET)
R(2) = (AM + YO(I9))*B*SIN(BET)
‘R(3) = (ANN +.,Z0(I9))%*C
G(1+) = TL/A
G(2) = TL*COS(BET)/(A*SIN(BET)) + TM/(B*SIN(BET))
'G(3) = TN/C
TR(1) = R(1) \
TR(2) = R(2) '
TR(3) = R(3) ~
TG(1) = G(1)
TG(2) = G(2)
TG(3) = G(3)
. RV = SQRT(R(1)%%2 . R(Z)**Z + R(3)f*2)
GV = (3)%*2)

SQRT(G(1)*¥2 4+ G(2)%%2 .4+ G
) 'S

SQP = SQRT(PIE) .
RS = RV¥¥5 )




[N

136. ) : '
\~R7 = RV**7 . ‘. . N
IS R9 = Rv**g . . . . B
L R11 = pve*n R
C G2 = GV . .
G3 = GEE¥*3 o g T ~.
G5 = GV¥¥*5 | C ,
GRV = GEE*RV ‘ L ; ~ '
© GR2 = (GEE*RV)*¥2 . S - . L.
GRY4 = GR2¥*2 ° T : C '
GR6 = GR2¥#3 . e - ‘
- GRB = GR2%*y ‘ -

AN

IF(GR2.GT.100.) GO TO 888 . o e
EXPD = EXP(-GR2) - ‘ .
GO.TO 889 . . : & ‘
888 EXPD = O. . i , S .
889 CONTINUE ‘ ‘ . :

' CALL ERFN(GRV,ERROR)
FRONT = .2.%GRV¥EXPD/SQP -~ . \ o )

N

DO 776 L = 1,3 ' -

IF(RV.EQ.0.) GO TO 80
IF(ISITE.NE.19) GO TO 80

DO.801 M = 1,3 :
IF(L.EQ.M) DEL1 1.

IF(L.NE.M) DEL1 = 0. ‘

FAC11 = (16.*GR8+T72. *GR6+252 *¥GRY+560. *GR2+945 ) - Lo
1 ¥FRONT + 945.*ERROR b
FAC12 -= R(L)*(R(M)**4)/R11 <7 . -

. F c21 = FRONT*(8.%GR6 + 28 *GRY + 70.%GR2 + 105, D :
05.*ERROR

FAC22 = (4,¥R(M)*DEL1 + 0. *R@L))*(R(M)**E)/R9
FAC31 = FRONT*(U4 . *GR4 '+ 10.*GR2 + 15.) + 15.%ERROR
FAC32 = (12.*¥R(M)*DEL1 + 3.%¥R(L))/RT

DIRPOGL,M) = DIRPO(L,M) - FACTI¥FAC12 + FAC21¥FAC22 -
1 FAC31¥FAC32

801 CONTINUE \ .

80 CONTINUE ! .

IF(RV EQ 0.) GO TO 776 .
TERM1.= (FRONT*¥(105. + T70.*GR2 + 28 ¥GRU + 8.%¥GR6) +
1 105.¥ERROR)*(R(L)**4)/R9

TERM2 = (FRONT*(15. + 10. *GR2 + 4Y.*¥GRH4) + 15.%ERRQR)* ' N

1 6. %(R(L)*¥2)/RT
TERM3 = (FRONT*(3. + 2. *GRZ) + 3.*ERROR)*3./RS
DIRQM(L) ‘= DIRQM(L) + TERM1 — TERM2 + TERM3

T76 CONTINUE




788
789

T45

754 .
755

~ 0

54

760

137

IF((AL.EQ.0.).AND.(AM.EQ.0.) AND. (ANN.EQ.0.))GGG =. 0.
IF(GGG.EQ.0.) GO TO 745

GRAT = (GV/(2.*¥GEE))¥¥2 : R
IF(GRAT.GT.100.)G0O T0 .788 o , ) .
EXPG = EXP(-GRAT) ,

GO TO 789 S

EXPG = 0. . ) o

CONTINUE .. B

CALL DOTPC(PROPC)
CALL DOTEL (PROEL)
CONTINUE o c ' -

DO 760.L = 1, 3 - _
IF(GGG.EQ.0.) GO TO 755 R
IF(ISITE.NE.19) GO TO 755 :

DO 754 M = 1,3 - ' A -
RECPO(L , M) =RECPO (L, QTR *PIE/V)*TG(L)*(TG(M)**M)*

"1 PROEL¥EXPG/G2 ‘ _ .

CONTINUE
CONTINUE

IF(GGG EQ.0.) GO TO 54

RECQM(L)= RECQM(L)+(PIE/V)*4 *(G(L)**H)*PROPC*EXPG/GZ
CONTINUE.

CONTINUE

s

'GGG.= 1. : o

'IF (ANN.LE.O.) GO TO 90- . | K L.
ANN = - ANN T '

 TN'=z - TN

90

.95

GO TO 20
CONTINUE:

" IF(AM.LE.0.) GQ TO 95
AM. = - AM -

™ = - TM
GO TO 1000 , .
CONTINUE: ‘ -

- IF(AL.LE.0.) GO TO .100 ‘

AL = - AL

330

TL = - TL . .
GO TO 2000 ° , , ,f .- , .
CONTINUE- . - , o - . '
DO 340 L.
DO 330 M
PNM(L,I9,M)
CONTINUE -

QMNEW(I9,L) ='DIRQM(L) + RECQM(L) -

,g‘ \" I’.'- -
="DIRPO(L,M) + RECPO(L,M)

(I 1]

1
1

&8



- ¢

ao

340

999

9999
c

3170

'3120

3180
3160

10

138

CONTINUE

CONTINUE \
IF(ITRIP.EQ.3) CALL CHARE

CONTINJE

DO 3170 I = 1,24 .

WRITE(16,3180) C(PNM(1,I,Jd),d=1,3)
WRITE(16,3180) (PNM(2,1,/),d=1,3)
WRITE(16,3180) (PNM(3,I/J),J=1,3)

CONTINUE. ,

DO 3120 I.= 1,24 N
WRITE(16,3180) (QMNEW(I,J),J=1,3) P
CONTINUE \

FORMAT (3 (F15.8))
WRITE(16,3160)FACMOD, V, INUC, ANS1,ANS2, ANS3
FORMAT(2(F15.8),11,3(F10.4))

STOP

END -

SUBROUTINE CHARE .

DIMENSION QMNEW(24,3);TE(3,2V.
COMMON/ADD/QMNEW , / .
COMMON/OLLA/FACMOD :
COMMON/REPLY/ANS1 ANS2, ANS3

'TE(1,1) = 0. S

TE(1,2) = 0. A

TE(3,1) = 0. ’
TE(3,2) = 0.

TE(2,1) = 0.

TE(2,2) =40.

DO 10 I = 1,18

TE(1,1) = TE(1,1) + QMNEW(I,3)/192.
TE(2,1) =, TE(2, 1) + (QMNEW(I,2) - QMNEW(I,1))/48.

TE(3,1) = TE(3,1) + (QMNEW(I 1) + QMNEW(I,2) -
1 0. 75*QMNEW(I 3))

CONTINUE -
DO 15 I = 19,24
. TE(1,2) = TE(1 2) + QMNEW(I,3Y7192.
TE(2,2) = TE(2,2) + (QMNEW(I 2) - QMNEW(I/,1))/48.

15

TE(3/2) = TE(3,2) + (QMNEW(I,1) + QMNEW(
1 0,T5%QMNEW(I, 3))/48.
CONTINUE .

12) -

'

E1 = TE(1,1)¥(=1.) + TE(1,2)%(+3.)



E2
_EX
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TE (2,1)%(Z1.) + TE(2,2)%(+3.)
TE(3,1)%(-1.) + TE(3,2)*%(+3.)

K2 =.1.515%(0.529%%Y) . ' '
CONV = 116195.62 '

- FACMOD = (CONV¥29.9*R2/60.)%0. 33/169 , \ |

.ANS3

- 0.25*FACMOD¥E 1
2 0.25%FACMOD¥E2
- 0.25*FACMOD*E3

ANS]
ANS2

it un

RETURN

END . : ‘
SUBROUTINE ERFN(GRV ERROR)

DATA P/0.3275911/ &
DATA A1/0.254829592/ ~ -9
DATA A2/-0.284496736/

DATA A3/1.421413741/ ‘ : ~ 4
DATA AY¥/-1.453152027/ . i

DATA A5/1.061405429/ o ~

T = 1./(1, + PXGRV)' ‘-
IF ( GRV.GT.10. ) GO TO 50 .
EX = EXP(-(GRV*¥2)) -

' GO TO 60 | T | SR

EX =:0. . : ' : &
CONTINUE ‘

SUM = A1I®T 4 A2¥T*¥%2 A3*T**3 + AH*T**U + AS*T**S
ERROR ='1. - SUM¥*EX

ERROR = 1., - ERROR C .
RETURN - ~ L

]

| END

SUBRQUTINE DOTPC(PROPC) . .
DIMENSION R(3),G(3),PRO(3). '
CQMMON/ONE/G,R,PROD .

SPRO = 0. : ®

'DO 10 I = 1,3

PRO(I) = G(I)¥*R(I)

SPRO = SPRO + PRO(I) - \ . ‘ ot

CONTINUE I .
PROPC = COS(SPRO), a '
RETURN . ) :
END . ’ L . - '

.'SUBROUTINE DOTEL(PROEL) . CoN

19

DIMENSION R(3),G(3),PRO(3) -
COMMON{ONE/G;R,PROD .

SPRO = 0.

DO 10°I.= 1,3 ’ T - ,
PRO(I) = G(I)*R(IY e e
SPRO_= SPRO, + 'RRO(I) T e o
CONTINUE . o :
PROEL = SIN(SPRO)

RETURN C : =
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Pragram FLO24 is similar to FLOZ except that it deals with fourth-order

parameters. Also, it takes as input tpe dipole moments as -already

determined by FLOZ. _ -
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3190
3200
3180

3119
3120

DO 3200 I = 1,24 N
DO 3190 J = 1,3 -
"READ(15,3180) (QMAT1(I,J,K) ,K=1.3)
READ(15,3180)(QMAT2(I,J,K) ,K=1,3)
READ(15,3180)(QMAT3(f,J.K) K=1.3)
CONTINUE T
CONTINUE ,
FORMAT(3(F15.8)) \ . )
READ(15,3180)(E(1,1I),1=1,3) a
-READ(15,3180)(E(13,1),I=1,3)
READ(15,3180)(E€19,1),I=1,3)
DO 51 = 1,24
DO 4 J = 1,3 L : :
READ (15,6)(IESS(T,J,K),K=1,3) n -
FORMAT(3(I2)) Ny ‘
CONTINUE
.CONTINUE
. &
FORMAT(2(F15.8),11,3(F10.4))
DO 810 I = 1,24
DO 800 J = 1,3
'DEL(I,J) = 0. L
CONTINUE , e : . \
CONTINUE ~ T S Do
- DEL(1,1) = 1. - - R
. DEL(13,2) = 1. 4 ‘
DEL(19,3) = 1. . o . ..
DO 3120 I = 1,24 ' B 7
DO 3119 .L ='1,3 - ST
'READ(15,3180) (PNMNEW(L,I,d),Jd=1,3) » ‘
CONTINUE = -~ = . -
CONTINUE , - T L SN

3118

142

PROGRAM FLO24 (INPUT,OUTPUT,TAPE1S, TAPETY)

DIMENSTON WK(40),TESS(24,3.3),ALIV(24,3,3),
QMAT2(24,3,3),QMAT3(24, 3, 3); QMDEL1(2u 3, 3)
QMDEL3(24,3,3),PROD1(24, 3,3),PROD2(24,3,3) |
ESS(2#,3,3),QUPE(5,5) , DIMO(24, 3)  ELF(3) | E(24, 3)",
REDO(3, 3),DEL(24,3),BAOEXP(4) , BUZEXP (4 ) | BUNEXP () ;
QMAT1(21,3,3),QMDEL2(24, 3,3) PROD3(2U 33, ).
PNMNEW(3, 211, 3), QMNEW (24, 3) _ =7

EXTERNAL  LEQT2F

DATA. (BHOEXP(I)

DATA -(BY2EXP(I)

DATA .(BUUEXP(I)

/0.016,0.016,0.016,0.018/ *.°

. -

.125,0.169,0.117,0. 128/

»

DO 3118 I = 1,24 - x LT
'READ(15,3180) (QMNEW(T,J),J=1;3) . AR
CONTINUE L

I=1,4) ‘
I:1,4)/+0 074 +0. 085 +0. 083 +0.105/
I=1,4)/0 -



ALFL1
ALFL2
ALFL3
ALLAT
ALLA2
ALLA3

. ELF(1)

"ELF(2)

i . / ELF(3)

C "ELF(4)
. ELF(5)

nu n nn

DO 19 I
DO, 18 J
DO 17 K
ALIV(I,J
17 CONTINUE
18 CONTINUE
19 CONTINUE

St - Do 201

ALIV(I,1,
ALIV(I,2,
. ALIV(I,3;
20 CONTINUE .

- .. poi51

, . ALIV(I,1,
. .7, ALIV(I,2,

!

RN ALIV(I,3,

- o 15 CONTINUE

, DO 35 I
? ' DO 30 J
" 7 DO 25 K

,g DR QMDEL1 (K,

5
143

4=

“FLOAT(IESS(I, 2
'FLOAT(IESS(I,?2
FLOAT(IESS(I,2
FLOATUIESS(I,3
FLOAT(IESS(I,3
FLOAT(IESS(I,3
_FLOAT(IESS{(I,1
FLOAT(IESS(I,1
FLOAT (IESS(I, 1

TR R RS

0. 01551

ALFL1 + 0. OOOO
ALFL1 |

2.18

ALLA1

ALLA1

NN NN~
— o ed

o WO e - -
&= .- . W -

W M) ~r v

=1 T 1 0
~

~ oo

-~

Nt ok wd ok
- e e

o

.

= 1,18 -
1./ALFL1
1./ALFL2

1./ALFL3

"Hn nmn —

1
)
2
)

19,2
1)

2)
3

./ALLA1-
./ALLA2
./ALLA3

i

T N N

3.
3°
24
)

"o o
e ad )

’

’

?
I,J)

s

y2))
y3))
» 1))
y2))
»3))
y 1))
,y2))
»3))
, 1))

]

READ(15,3160)FACMOD, V, INUC ; ANS1, ANS2, ANS 3

A

= ALIV(K,I;J)*DEL(K, 1) - QMATI(K,T,J)
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ALIVIK, I, J)Y*DEL(K,2) - QMAT2(K,T,J)

QMDEL2(K,I,J)
ALTV(K,T,J)*DEL(K,3) - QMAT3(K,I,J)

QMDEL3(K,I,J)

o,

25
30
35

490
495
500

480

485

40

50
55

60
65
70

J
DO 15 K
L

"PROD1 (I,

CONTINUE
CONTINUE
CONTINUE

DO 500 I

DO 495 ¢
DO 490 K

PROD1(I;J,K)
PROD2(1I, J K)
.PROD3(I,J, K)

CONTINUE -
CONTINUE
CONTINUE

.DO 1485 I

DO 480 J
QUPE(I,J)
CONTINUE

CONTINUE °

DO-55 I
DO 50

DO 40

< uounon o

PROD2(I,J
PROD3(I,J
CONTINUE
CONTINUE
CONTINUE
CONTINUE

DO 70 I
DO 65 J

(L]

nou

?
H
Y

QUPE(4,J)’

QUPE(5, J)
DO 60 K =
QUPE(J,K)
CONTINUE

CONTINUE .
CONTINUE

DO 85 I =
QUPE(4,4)

- QUPE(5,4)

80
‘85

DO 80 J =
QUPE(J, 4)
CONTINUE
CONTINUE

W o=t )] =2

1

H —=un

VS S R |

1,
1,
1,
1,
K)
K)
K) -

=

. e

N TEE TRRTRIUCRUCE N

1,5
1,5
0.

24
3
3
3

12
3

QUPE(5,d)
y 3
QUPE(J,K)

t
L

3,16 -
QUPE(4, 4)
QUPE(5, 4)
3
QUPE(J, 4)

QUPE(4, J)

+

PROD2(I,2,d)
PROD3(I,3,d)
d . ' -

PROD1(I,J,K)

PROD2(I,2,2)

PROD3(I,3,2),

PROD1(I,J,2) -

PROD1(I,J,K) + QMDELT(I J, L)*ESS(I L,K
PROD2(I,J,K) + QMDEL2(I,J, L)*ESS(I L,K)
PRQP3(I J,K) + QMDEL3(I, J‘L)*ESS(I L, K)

]



90
95

195
200

. DO 95 I = 19,24

s A

QUPE(4,5) + PROD2(I,2,3)
QUPE(5,5) + PROD3(I,3,3)

QUPE(4,5)
QUPE(5;5)
DO 90 J =
QUPE(J,5)
CONTINUE,
CONTINUE

it - N

'3
QUPE(J,5) +’PRODTCI;J,3)

. ‘17 : [8

IDGT = 0
CALL LEQT2F(QUPE,1,5,5,ELF,IDGT,WK, IER)

DO 200 I = 1,24
DO 195%5'J = 1,3
DIMO(I,J) = 0.
CONTINUE B
CONTINUE °
t
DO 110 I = Ip12 g
DO 105 J = 1,3

100
105
110

DO 100 K = 1,3
DIMG(I,J) = DIMO(I,J) + ESS(I,J,K)¥ELF(K)

CONTINUE ;.
CONTINUE .

CONTINUE
“ELF(1) = 0., *.

ELF(2) = ELF(4)

ELF(3) = 0.

DO 125 I = 13,16

DO 120 J = 1,3 ° ‘
DO’ 115 K = 1,3

;115
© 120

125

130
135
1o

DIMQ(I,J) = DIMO(I,J) + ESS(I,J,K)*ELF(K)
CONTINUE - - - .

CONTINUE

CONTINUE

ELF(1)
ELF(2)
ELF(3)

W unn
o

DO 140
DO 135
DO 130 '3 : B .
DIMO(I,J) = DIMO(I,J) + ESS(I,J,K)*ELF(K)
CONTINUE '
CONTINUE ~ - -
CONTINUE . , ' ]

~N & H
TRRTANT]
-
w

-
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' c .. . 146 , -
150 CONTINUE ' ’
c
ERO1 = 0. ‘ .
EPQ2 = 0. - (
. SN EPO3 = O. - ‘
% . : DO 160 I = 1,24 : . /
‘ DO 155 J = 1,3 -~
EPO1 = EB@1 + DIMO(I,J)*PNMNEW(J,I,3) N
R ' EP02 = PPO2 + DIMO(I, J)* (PNMNEW(J,1,2) - PNMNEW (J,1,1))
/’ ‘ . EPO3 = (EPO3 + DIMO(I,J)*(PNMNEW(J,;,1)'+ PNMNEW (J,1,2)
/S 1 - 0.75¥PNMNEW(J,I,3)) /
o ' 155 CONTINU
. 160 CONTINUE
C L N ,\
ANS21 = - 0.25%FACMOD*EPO1/192.
ANS22 = — 0.25%FACMOD¥EPO2/48.
_ ANS23 = — 0.25*FACMOD*EPO3/48.
C : '
BTOTO = ANS1 + ANS21
. BTOT2 = ANS2 + ANS22 - -
"BTOTY = ANS3 + ANS23
= . DIFFO0 = BTOTO - BHOEXP(INUC)
L DIFF2 = BTOT2 - BA42EXP(INUC)
- ST - DIFFY4 = BTOT4 - BHUEXP(INUC)
CC

. PRINT(19, 170)INUC, ANS1,ANS21,BTOTO,BUOEXP (INUC) , DIFFO
. PRINT(19, 170)INUC, ANS2,ANS22,BTOT2,BU2EXP (INUC) , DIFF2
. , PRINT(19, 170)INUC, ANS3,ANS23, BTOTM BMEXP(INUC) DIFFY4 .
’ 170 FORMAT(1X 11, 5(E10. 3, 1))

294 CONTINUE

295 CONTINUE

. C
3 STOP
N |
! END
1} -
g 1
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Program TRY calculates the second-order data for RTH which is not
dependent"o'n po]am‘%abﬂjty values, It is similar tyFLOI except thatl
ithe -cha;rge parameter n is‘re.quired fbr dealing with the water molecules.
Also, because thére are 32 unknow‘ns (a}s compared to 5 for RF3), Fhe

programming structure is somewhat more complicated. ' 4The‘output of

program TRY is stored on a tape which-is to be read by CL3HX2.
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. PROGRAM TRY(INPUT,OUTPUT,TAPE13)
~ DIMENSION R(3), G(3) x0(uu) YO(4Y),Z0(48) P4y, 3),
1ANAME(9) , DIRQM(3 3),RECQM(3,3) , UCP(36), QMAT(12 ) Ui 9,
2 cCl9), sc(9) CD(9) SD(9),TEEL3 (4H, 3), TEELu(uu 3) |
3 DIREL(3) RECEL (3) DIRPO(3,3), RECPO(3, 3), , : TR
3 TEMSEL(U4,3),PNM(3, 44, 3) E(44,3), TR(3) T6(3),
4 TA(9), TB(9) C(9) IﬁHI(9) )
COMMON/ONE/G . R, PROD
- COMMON/ADD/QMAT
. COMMON/CHADD/ISITE, TEMSEL
. COMMON/FIELD/E,TEEL3, TEELM
* COMMON/POT/PNM ,
COMMON/OLLA/FACMQD ,
‘COMMON/VOL/V,NHST A \ ’
DATA PIE/3.14159/ :
DATA GEE,NIONS,ILIM,NHST/0.5,44 4, 2/ .
DATA (TCHI(I) =1, 9)/58. 5,62.25, "6l ,62.,60.75,61.5,62.,
1 63.,64./7 . . ,
" DATA BETA/93 65/ ) ‘ {
DATA (ANAME(I),I=1,9)/2HND,2HSM, 2HEU, 2HGD 2HTB, 2HDY - A
1, 2HHO, 2HER , 2HTM/
DATA(TA(I) 1=1,9)/9.72,9.67,9. 68 9.65,9.63,9.61,9.58,
1°9.57,9.55/
DATA(TB(I),I=1,9)/6. 60, ,6.55,6.53,6.53, 6.51, 6.49,6.47,"
1 6.47,6.45/
DATA(TC(I) 1=1,9)/7.90,7.96, 7 96,7.92,7. 89 7.87,7.84,
1 7.84,7.82/ :
DATA (UCP(I) 1=1, 36)/ 25, 1521 .25, 75 3769, . '
1 .0587,.837,ﬂ2601,.2813, 0471, 5u32 1u23 uzsu 10888, *
1 .4406,.2988,.1058,.272, 92 6054 36u .082..608,
3‘.174,.484,.987,.1173.548 .534, 322, 1“9 \u76,
4y .258,.002/ ,

'

CONV = PIE/180. : S
BET = BETA*CONV - o v

NHST |, Lo {

TA(I) L . \ "

TB(I) L . ‘ : )

TC(I) o :

CHI TCHI(I)*CONV o
SIN(BET) ' o S

COS(CHI) 4 - '

SIN(CHI) . T

COS(BET - CHI) Co.

SD SIN(BET - CHI)

V = A¥B*C¥*SB

wn
(@]
LU LI L S I 11

J.= I + 3 .
P(1,I) = UCP(I) N
P(3,I) = UCP(J)

P(2,I) = 1. = P(1,I)

P(4,I) = 1. - P(3,1)

}




217

15

o
¢ ‘\

CONTINUE o

Jd =1 . toe

. DO 15 1. = 5,14

‘ =J + 1 .

161 =g*J + 1 \
162 = 167 + 1 i
163 = 161 +.2 L
P(I,1) = UCP(I61 A
P(I,2) = UCP(162) \
P(I.3) = UCP(I63) -\ -
Ki=T1T+ 1 : |
P(K,1) = 1. - P(I,1)"
P(K,2) = 1. - P(L,2) "
P(K,3) = 1. - P(T,3)

L =I +2

P(L,1) = 0.5 = P(I,1)
P(L,2) = P(I,2)
P(L,3) = 0.5 - P(I,3)
M.="I+ 3

P(M,1) = 0.5 + P(L,1)
P(M,2) = 1.0 - P(I,2
P(M,3) =.0.5 + P(I,
CONTINUE

DO 9999 ITRIP ="1, ¢

YO(I9)

" DIRELAL)

" DIRQM(L,M)
.RECQM(L, M)

AAN

‘PO 100 I =
‘AL

IF(ITRIP.EQ.1) ISITE,
IF(ITRIP.EQ.2) ISITE
IF(ITRIP.EQ.3) ISITE
IF(ITRIP.GT.3) ISITE

1 onnoar

W -

P(ISITE,1)
P(ISITE,2)
P(ISITE,3)
19 = 1,4
P(I9,1) - AAN
P(I9,2) — BBN

BBN
CCN
DO 999
X0(I9)
Z0(I9)

"onon

won

DO 510 L

-
(8]

RECEL(L)’
DO 500 M.
DIRPO(L,M)
RECPO(L,M)

nwouonon
- | P
OO oW -

Ut -00=

CONTIN
CONT INUE
1, ILIM
FLOAT(I) - 1.

P-4

e

| 149

. SRR o
SITE « 4

-

P(I9,3) - CCN

\_- T




150" . . , -

‘2000 CONT INUE .o S
DO 95 J = 1,ILIM ‘
" AM = FLOAT(J) - 1. _ -
1000 CONT INUE ’
© D0.90 K = 1,ILIM
ANN = FLOAT(K) - 1.

TL = 2.*PIE%*AL
TM = 2.¥PIE¥*AM )
TN = 2.%PIE *ANN ) ' o
20 R(1) = (AL + XO(I9QD)*A*GC + (AM + YO(IQ))*B*CD
R(2) = - (AL + XO(I9))*A*SC + (AM + YO(I9))*B*SD
R(3) = (ANN + Z0(I9))*C ‘
G(1) = (TL*SD)/(A*¥SB) + (TM*SC)/(B*SB) )
G(2) = - (TL*CD)/(A*SB) + (TM*CC)/(B*SB) ’
G(3) = TN/C . ’
TR(1) = R(1) .
TR(2) = R(2) ) »
TR(3) = R(3) ,
T6(1) =G(1). . A
: TG(2) */ém)* :
TG(3) =/d(3) '
RV = SQRT(R(?)**E + R(2)**2 + R(3)**2)
GV = SQRT(G(1)**2 + G(2)%%2 4 G(3)*%2) &
C l' - s . ' . i
"SQP = SQRT(PIE)
. "R2P = (RV*%2)%3QP
- RYP = (RVE¥Y)*3Qp
RS = RV¥¥5 ‘
R6P = (RV**G)*SQP‘
R7T = RV%¥7 | . N
G2 ': GV**Z . o
G3 = GEE**3 ‘ S .
G5 =

GRS
GRV—GEE*RV' R A
GR2 = (GEE*RV)¥¥2' . L
IF(GR2.GT.100.) GO TO 888 L :
EXPD = EXP(-GR2) , Lo T

. -. GO TO -889 o T

888 EXPD' = 0. R N

889 CONTINUE - . e

‘

CALL ERFN(GRV,ERROR) _
“D0 776 L = 1,3 _ .

IF(RV.EQ.0.) GO TO 80 .

DIREL (L)= DiREL(L)+R(L)*ERROR/(RV**3)+2 *GEE*R(L)*
1 EXPD/RZP ) . .
IF(ISITE NE. T) GO TO 80

7 .



R | R EY
DO 801 M.= 1,3,2
IF(L.EQ.M) DELT. = 1.
"IF(LNE.M) DEL1 =10.

(

)
DIRPO(M,L)=DIRPO(M
1(’8.*GS/R2P))*(TR(L
)

(

\

-

,L)=-( (30.*GEE) /R6P+20 . *G3/RUP +
JE(TR(M) *¥%2) ) *EXPD+(( (6.%GEE) /RUP)*
*EXPD+ (3. *ERROR)/R5)* (2. ¥TR(M) ¥DEL1+
L)*( TR(M)**E)*ERROR)/R7

REXPD+((4 . *G3)/R2P

‘ 3 TR(L)) = (15.*TR
.,+ - 801 CONTINUE ‘ .
* 80 CONTINUE \ - ‘

DO 775 M = 1,3

- v IF(L.EQ.M) DELTA 1.

‘ "IF(L.NE.M) DELTA = 0. . s
(o \ :
IF (RV.EQ..0.) GO TO 81 ¢
DIRQM(L,M)=DIRQM (L ,M)+h. *(GEE**3)*R(L)*R(M)*EXPD/
1 (CRV¥¥23 ¥SQRT(PIE)) + 6.%GEE*R(L ) ¥R(M) *EXPD/
. 2( (RY¥¥4)* _ 2 *GEE*EXPD*DELTA/( ( RV¥¥2)*SQRT(PIE))
. 3SQRT(PIE) )+ (3. *R(L)*R(M)/(Rv**z) DELTA)*(ERROR/
. 4 (RV*¥3)) ,
: GO TO 777 . -
81 DIRQM(L,M) = DIRQM(L,M) . u.*(GEE**3)*DELTA/(3'.*
1 SQRT(PIE)). . \ ' T
“T77T CONTINUE ‘ A : .
775 CONTINUE o Lo e . iy
* . 776 CONTINUE , ‘ N
c: . .
IF ((AL.EQ.0O.).AND. (AM.,EQ:0.).AND. (ANN.EQ.0.))GGG=0.
IF(GGG.EQ.0.) GO TO 745 - : .
GRAT = (GV/(2.*GEE))¥**2 .
o IF (GRAT.GT.100.)GO 'T0 788 .
"7 _EXPG = EXP(-GRAT) i
o o GO TO 789 T : ‘
. 788 EXPG = 0. /
e 789 CONTINUE _ - ' :
c
CALL DOTPC(PROPC) S
: CALL DOTEL (PROEL)
c* o >
. T45 CONTINUE . .-
C . .
DO 760 L = 1,3
IF (GGG.EQ.0.) GO TO 755 '
RECEL(L)=RECEL(L )+ (PIE/V ) *4, *G(L)*PROEL*EXPG/GZ
IF (ISITE.NE.1) GO TO 755
C
DO 754 M = 1,3,2
RECPO(M,L)=RECPOCM,L)+(4 . *¥PIE/V) *TG(L)® (TG(M)**2)*"
1 PROEL*EXPG/G2 ‘ . !
754 CONTINUE N ;
755 CONTINUE ' .
C ' 4
= 1,3

DO 750 M

3 *




1
54
778

750
760

090

95

349

IF(L.EQ.M) DELTA =
IF(L.NE.,M) DELTA =
IF(GGG.EQ.O0.) GO, TO

"RECQM(L,M)=RECQM(L,

(GV**2)

GO TO 778
RECQM(L,M) s RECQM(
CONTINUE . '
CONTINUE -

CONT INUE -

-

GGG = 1. '
IF(ANN.LE.O.) GO TO
ANN = - ANN-

™W = - TN

G0, TO 20

CONTINUE
IF(AM.LE.O0.) GO TO
AM = = AM -

™ = - TM

GO TO 1000
CONTINUE
IF(AL.LE.0.) GO TO
AL = - AL

L = - TL,

G0 TO 2000 .

CONT INUE

dJ =0

DO 340 L = 1,3
TEMSEL(I9,L) = DIRE
IF(ITRIP.NE.1) GO T
PNM& 4 ,19,L) = DIRPO
PNM(3,1I9,L) = DIRPO
CONT INUE

DO 330 M= 1,3

J = Jd + 1.

QMAT CITRIP,T19,J) =

330

CONTINUE
CONTINUE'

°

CONTINUE - Lo
CALL CHAEL’
CONTINUE

DO 820 ITRIP = 1,12

152

1. .
0. do
5 o # ‘
M)-(PIE/V)*4. . *G (L)*G(M) *PROPC ¥ EXPG/ .

L,M) - 4.*P{EXDELTA/(3.*V) ‘ .

90
95

100

L(L) + RECEL(L)

0 349 .
(1,L) + RECPO(1,L)
(3,L) + RECPO(3,L)

DIRQM(L,; M) '+ RECQM(L,M)

r




oo Ne!

}‘ o E © 153 o .
. ) ( o

- DO 8?9 I9 =1 , 4y

WRITE(13,810) (QMAT(ITRIP,I9, J) J=1,5)
WRITE(13, 811)(QMAT(1$RI$ 19,%),K=6,9)
819 CONTINUE
82& CONTINUE ”'[
DO 830" ITRIP = 1,12 ' - o I

830

840
810
8§11
8§12

813

Ul =

-DP0O 15 1

DO 16 J

IF(ITRIP.EQ.1) ISITE
IF(ITRIP.EQ.2) ISITE
CIF(ITRIP.EQ.3) ISITE . \ |
IF(ITRIP.GT.3) *ISITE = ISITE + 4 . = = )
WRITE(13,812)(E(ISITE, J),J=143) '
WRITE(13, 812)(TEEL3(ISITEwJ1 J=1,3
WRITE(13,812) (TEELU(TSITE;J)5Jd=1,3
CONTINUE o S NI
DO 840 I9 = 1,44, ‘
WRITE(13,813)Y(PNM(1,19,J),J=1
WRITE(13,813) (PNM(3,19,d),d=1
CONTINUE
FORMAT(S(F13.
3.
3.
3.

W' —

o oo

)y .
) -

8)) o e N
FORMAT (4(F13.8)) . S :
FORMAT (3(F13.8)) o E S
FORMAT(3(F13.8)) '

4

STOP

END . N

SUBRQUTINE CHAEL '

. DIMENSION TE(4,3), E(Uﬂ 3), TEMSEL(UH 3) TEEL3(U§,3),
1 TEEL4(44,3)

GOMMON/CHADD/ISITE TEMSEL »

COMMON/FIELD/E, TEEL3 TEELY

DO 5 I ,
DO 4 J ,
TE(I,J) =0
CONTI : R
CONTINUE - ' N a B

0o

1,4 .
1,3 o

\ig

DO 10 I
DO 8 J
TE(1,Jd)
CONTINUE
CONTINUE

ion i

2 . ' ) : .
3 . . G ) I3
( .

¥
¥
TE(1,J) + TEMSEL(I,J)

3’8 - . - 1
DO 14 J = 1,3, o ' Y
TE(2,J) = TE(2,d) + TEMSEL(I,J) VT
CONTINUE. Coa ,
CONTINUE ~.
DO 17 I 9,20 . ' o
193 - N . ' , . )f

non




~f

g O TSI a
PN

. 15, . 7 (

TE(3;J) = TE(3,J) + TEMSEL(I,J) -
CONTINUE , e PPN
CONTINUE o : :

, 44
1 3 o
C¥(4 ,J) + TEMSEL(I,J) Cor

DO 19 I
DO 18 J
TE(Y4,J)
.CONTINUE
CONTINUE

umw i u

D020 =1,3 .

CE(ISITE,I) = TE(1,I)*(%3.) + TE(2,1)%(~1.)

20

TEEL3(ISITE I) = TE(3,I)
TEELY(ISITE,L) = TE(4,I) . -

CONTINUE o ‘ :

RETURN ‘

END i

SUBROUTINE ERFN(GRV, ERROR) ’

DATA - P/0.3275911/ .

DATA, A1/0 254829592/ ,
DATA A2/-0.284496736/

DATA A3/1.421413741/

DATA AY4/-1,453152027/ ‘
DATA A5/1.061405429/ ‘.
T = 1./7€1.5 + P*GRV) — -1y
IF ¢ GRV.GT.10. ) GO TO 50 3
EX = EXP(-(GRV¥*¥2)) N '
GO.TO 60 . ' v ) .«\‘. B ;:’X(‘r'/?‘
EX = 0. - ° 4 L ,

CONTINUE .

SUM = ATXT 4+ AXTH¥2 . A3IKTH¥3 o AURTRKY 4 DSHTHRS

ERROR = 1. - SUM¥EX -
ERROR = 1. - ERROR
., RETURN . -
.END .=

SUBROUTINE DOTPC(PROPC) "~ - . -
DIMENSION R(3),G(3),PRO(3) ‘ h ‘
COMMON/ONE/G, R, PRQD . TN

4
~

“SPRO = 0. , ' - .

DO 10 I = 1,3 ' ) P . B

PRO(I) = G(I)¥R(I)

SPRO = SPRO.+: PRO(I) : . N L
CONTINUE " : 5. . o
PROPC = COSCSPROY . . \

RETURN /R Lo C <
END ’ L >

SUBROUTINE DOTEL(PROEL)
DIMENSION. R(3),GI(3),PRO(3)
COMMON/ONE/G R, PROD

o

ol
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e
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7
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%
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S
%
4
o
)
°
s
.
.
N4

SPRO = 0.

DO 10 I =1,3 .
PRO(I) = G(I)*R(I)
SPRO = SPRO + PRO(I)
CONTINUE o
PROEL = SIN(SPRO) -
RETURN ’

END '
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PROGRAM CL3HX2(INPUT OUTPUT, TAPE13, TAPE6)
REAL WK(1450), ALIV(MU 97, QMAT(12 Bl y9) ,NEWPR (12,12 9)-

1 QMDEL (12,44, 9) PROD(12 by y9), ATEM(3 3) BTEM(3, 3),
3-ESS(44,3,3), QUPE(36 36) DIMO(HM 3), ELF(36) E(NN 3),

4 AMXTEM(UU 3,3), OFFDIA(H) ‘EPS (4, 3 3) ALTEM(M 3),

5 B22EXP(9), DIA(M) DEL(12, Uﬂ) ELPRO(UU 3), TEEL3(MN 3)
6 ALRE(9), PNM(3 44 .3), BZOEXP(9) TEELU(UU 3) ‘ \

1

1

DIMENSION DELPOL(U)
EXTERNAL LEQT2F
COMMON/FIELD/E, ELPRO, TEEL3 TEELY

COMMON/ CHARGE/ ETA
COMMON/POINT/QMAT,FACMOD, ANS1 ANSZ : s
DATA (ALRE(I),I=1.9)/1.23,1.11,1.06,1.01,0.97,0.94,

ALRE(1) = 1. 23 (EXPL FREE ION VALUE) C

ALRE(3) = 1.06 (EXXPL.FREE ION VALUE)
0.90,0.86,0.83/ .

DATA (OFFDIA(I) ,I=1,4)70.0,0. 0 0,00, O 00/ '

DATA (BZOEXP(I),I:1,9)/1 855 1.864,1.854,0. OOOO 1. 882
.1.883,1.890 ,1.843,1.880/

DATA (BZ2EXP(I),I 1,9)/-1.065,-1.112,-1. 150 -0.0000,
-1.191,-1.228,-1.241,-1. 276 —1 311/

DATA ETA ALCL, ALOX,ALHY/O 4,1.40,3. 10 0. 6/

. DATA. NHST/9/.

+

DO 868 J
DEL(I,J)
CONTINUE o oot
CONTINUE °. o . oL ‘
DEL(1,1) 1. . 7 ‘ R , ‘
DEL(2,3) . ' . - ’
J':"] . ST ) - ‘ ¢
DO 870 I . o » X
J=Jd + 4 .

DEL(I,Jd) = 1.~

CONTINUE

Honw
—_
C e >
£,

"oan

"
w

-
-k
Ny

DO 820 ITRIP £ 1,12

DO 819 19 = mu g

READ(1%, 810)(QMAT(ITRIP 19 3y, d=
READ(13,811)(QMAT(ITRIP,I9,K) ,K=
CONTINUE -

CONTINUE \ , .
DO 830 ITRIP = 1,12 e
IF(ITRIP.EQ.1) ISITE = 1 - :
IF(ITRIP.EQ.2) ISITE = 3
IF(ITRIP.EQ.3) ISITE =5°
IF(ITRIP.GT.3) ISITE & ISITE
READ(13,812) (ELPRO(ISITE,Jd),d
READ(13,812)(TEEL3{ISITE, J),J
READ(13,812)(TEEL4(ISITE,J),J -
CONTINUE . '
po 840 I9 =t uu . :
READ(13, 813)(PNM ,19,J),J=1,3)

(A0 1 | B |
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READ(13, 813)(PNM(3 19 J) J 1,3)

- 840 CONTINUE

8]0 FORMAT(S(F13 8
811 FORMAT(4(F13.8
8§12 FORMAT(3(F13.8

3.8

)
)
)
813 FORMAT(3(F1 )

)
).
)
)

- V . . “

N

Tooo

DO 510 I
. DO 505 J
DO 501 K
. ESS(I,J,K
501 CONTINUE
505 CONTINUE
‘510 CONTINUE
‘ "DO 515 I
DO 514 J
.. ESs(1,4,Jd
514 CONTINUE |
515 CONTINUE . . .

~ it

~ il N

v ESS(1,d,d)
521 CONTINUE : :
525 CONTINUE .o
DO 530 I = - :
DO 529 J =
ESS(I,d,d)
529 CONTINUE
530 CONTINUE
* DO 535 I .=
DO 534 J =
ESS(I,J,d)
534 CONTINUE :
ESS(I,3,3).= 1. -
. 535 CGNTINUE =~ * ‘ e
DO 540 I,
DO 539 J
- ESS(I,J,d)
539 CONTINUE
ESS(I,3,3) =
540 CONTINUE

-
=
- N
-
L=

3 .
e © T

H =3
n =
W
=

-

&

i

'
—_
.

- 400 CONTINUE - ' o




Tt crsw i s e 120

PR

DO 8040 IJO
ETA = 0.471
~ CALL CHARE
- . ' CALL'CHAEL
, - DO 8035 141
- ALTEM(1,2)
ALTEM(1,1)
ALTEM(1,3)
DO 8030 I%
ALTEM(2,2
ALTEM(2;1)
ALTEM(2,3)
DO 8025 .IJ3
ALTEM(3,2)
ALTEM(3,1)
 ALTEM(3,3)

. ‘DO 8024 IJ4 = 1,1
- 0.396 - 0. 001*FL0AT(IJu)

ALTEM(4;2)
ALTEM(4,1)
ALTEM(4,3) -
- DO 8020 IK1
OFFDIA(1) =
DO 8019 IK2
OFFDIA(2). =
. _ DO 8018 IK3-
s ‘ OFFDIA(3) =
S DO 8017 IKu4
. OFFDIA(Y4) =
- .
- ELF(1).
ELF(2)
ELF(3)
"ELF(4)
~+-°+ ELF(5)
i © - ELF(6)
‘ T =6
L DO 3 .J
AR DO 2 K
: T.=1I+1

AN
NN NN
s W = W = 4

L= U mmmm e o

- .-

~Q“CONTINUE
'3 CONTINUE

DO 270 I

DO 269 J

Dg 268 K
S(1,d,K

. 268/EONTINUE

~ i u u

. 269 ‘¢ONTINUE
4. 270 CONTINUE
/D0 2000 KK

[ § [V G N Y

159 T

=.

1 1 \ .
0,001  ¥FLOAT(I1JO)
ST X

,:15

U o

I n 1

0.58 - 0. O1*FLOAT(IJ1)
LTEM(1,2)

LTEM(1,2)

1,1 . .
86 - 0. 02*FLOAT(IJ2)
LTEM(2,2). -

LTEM(2 2)
1,

80 + 0. OZ*FLOAT(IJB)
LTEM(3,2) -

+
A
A
2.
A
A
6.
A .
ALTEM(3,2) .

ALTEM(4,2)

LTEM(H 2y

- 1.00*FL0AT(IKJ9
+ 0.02*FLOAT(1K2)

- 0.2*FLOAT(IK3)

W - —
N e St N N .

w W e M e e

-
=g

ELF(I) = E(J,K)

L

- s o

oww =

1 \ .
.029 + 0.002*FLOAT(IK4)

A&%jil-




Wt

.
s
B

et

' 160

DIA(KK) ='ALTEM(KK,})*ALTEM(KK,S) - OFFDIA(KK)¥®%2 .

IF(DIA(KK).EQ.0.) DIA(KK) = DIA(KK) +« 0.001 ' :
“EPS(KK,1,1) = ALTEM(KK 3)/DIA(KK)

EPS(KK,2,2) = /ALTEM(KK 2) -

EPS(KK,3,3) = ALTEM(KK 1)/DIA(KK) =~ . b
" EPS(KK,1,3) = - “OFFDIACKK) /FIA(KK) :

EPS(KK,3,1) = EPS(KK,1,3)

© 2000

240
" 230

220.
" DO 215 I

211
213
215

25
35
40

490
K95
200

. DO 485 I

480
. 485

"DO 40 L

CONTINUE » , : o . B

DO 220 I = 1,44

"IF(I.LE.2) ISUB =.1 R - S

IF((I.GT.2).AND.(I.LE,8)) ISUB = 2 S ' T e
IF((I.GT.8).AND.(1, LE.20)) ISUB = 3 . e : -
IF((I.GT.20).AND.(I.LE. uu)) ‘ISUB = 4 :

DO 230 J = 1,3 :
DO 2U0 K 3

AMXTEM(I,J,K) = EPS(ISUB,J,K)
CONTINUE . o
CONTINUE

CONTINUE

1,44 o, : .
L =0- ) BT .
DO 213 J
DO 211 K
L =L +1

1,3
1,3

CALIV(I,L) = AMXTEM(I,J,K)

CONTINUE
CONTINUE

.CONTINUE

n

’
DO 35 1 ,
DO 25 K ,
QMDEL(L, )
CONTINUE oo o
CONTINUE L ‘ .
CONTINUE R B

1,1 Lo '

1,9 o ~ ‘
1,44 ' -
I =

7< Hon.n

ALIV(K,I)*DEL(L,K) - QMAT(L,K,I)

DO 500 I
DO "495 'J
DO 490 K
PROD(I,J K) = 0. ,

CONTINUE ‘ e '

CONTINUE - ~ '
CONTINUE o

uwouou
—
- -
O B
=
A
.

1nnu
—
w
(o]

DO 480 J = : .
QUPE(I,J) = O. _ | .

'CONTINUE

CONTINUE



48
50

46
47
56
58

60
70

D073 K

.73

72

DO 7D 1

DO 72 K

DO 58
DO 56
K =90
DO- 54
DO 53
K =K +
ATEM(L,M)
CONTINVE
CONTINUE:
Do 52 L -
DO 51 M
BTEM(L, M)
CONTINUE
CONTINUE
DO 50 L
DO 49 M
DO 48 N
BTEM(L, M)
CONTINUE
GONTINUE
CONTINUE
KK 0
DO. 47 L
DO 46 M
KK = KK

R 1

=t Co b

TR

Hn

Hnn R

+

PROD(T, J,KK)

CONTINUE
CONTINUE
CONTINUE
CONTINUE

DO 65 J
DO 60 K
NEWPR(I,
CONTINUE
CONTINUE
CONTINUE
DO 75 1
DO T4 J

i non

et LB I 1}

NEWPR(I,
CONTINUE .
NEWPR(I,2
CONTINUE
K = 1

161-

1
1,

= QMDEL(I,J,K)

o i -
[=JIYN}
. ,

- e e

I — -
[ - N UN UV UN]

TEM(L,M) + ATEM(L,N)*ESS(J,N,M) -

i

1,3
1,3 )
1

K) =

BTEM(L,M)

'

-
e M
e e

D =
n [AC TN
o

2

1
9 ,
2 .

= NEWPR(I,1,J).+ PROD(I,K,J)

'
1
1
)
by

1
1
1
, J
3,
1J) =

NEWPR(I,2,J) < PROD(T,K,J)

po 771 L = 3,12

K
M

K

+ 4
K + 3



o

I il o

OV Jovep

e

162' *

DO 770 N = K,M =+ . =
-~ MEWPR(I,L;J) = NEWPR(I,L,J) + PROD(I,N,J)
770 CONTINUE S :
771 CONTINUE - -
74 CONTINUE
7% CONTINUE
‘ DO 95 I
N ' *DO 93 J
DO 89 K
DO 87 L
II 3%(
) JJ = 3%(
» M = L 4+ 3%
‘ QUPE(II,JJ
87 CONTINUE ) -
89 CONTINUE .
93 CONTINUE L -
95 CONTINUE . - S o

[P

. e w -

[ TR TR (B 1|

1 n

K

~r e~ ] - —a s

c
‘ c
IDGT = 0
K c . ' ’ - :
S CALL LEQT2F(QUPE,1,36,36,ELF,IDGT,WK:, IER)
- _ ,
DO 200 I = 1,44 e ’
-~ DO 195 J = 1,3 - -
o DIMO(I,J) = O. - ;
- 195 CONTINUE . -

200 CONTINUE : ' ' "

DO 1101 ,
- DO 105 J = 1,
C DO 100 K =.1,
DIMO(I,J) = D
100 CONTINUE
105 CONTINUE
110 CONTINUE

non 1n
[y
Hww N

MO(I,J) + ESS(I,J,K)¥ELF(K)

C.
-C
C N N v ' a
PO 125 I = 3,4
DO 120 J = 1,3 ..
DO 115 K = 1,3 \
‘ L =K + 3

. MO(I,J) = DIMO(I,J) + ESS(I,J,L)*ELF(K)
115 CONTINUE L

120 CONTINUE .

125 CONTINUE .-

C .
K = 1 ) - \f—
DO 140 I = 3,12 ) \
K =K+ U4~ ' ' ) . »
‘M = K + 3
PO 137 J = K,M




DO 134 L = 1,
DO 131 N = 1,
K2 = 3%¥(I - 1
DIMO(J,L) = D

131 CONTINUE

134 CONTINUE

137 CONTINUE

140 CONTINUE

1
1

N B o

=
o +
~~
[
[an
S
+
rm
[%2]
. W
—
(=)
=
=
N
%
s2]
~
Tl
~~
~
no
A d

150 CONTINUE

EPO1 ="0.
EPO2 = 0.
IF(ETA.EQ.1.) .IDO 20
IF(ETA.LT.1.) IDO = 44

H 1

T -— -

DO 160 I = 1,1D0 _
! DO 155 J = 1,
EPO1 = EPO1 + DIMO(I,J)*PNM(3,1,J)
EPO2 = EPO2 + DIMO(I,J)*(2. *PNM(1,1,J) + PNM(3,1,d))
155 CONTINUE ‘ .
160 CONTINUE

.C, ) S
‘ ANS21 = - 0. 25*FACMOD*EP01 ‘ -
'ANS22 = - 0.25%FACMOD*EPO2' . K
c - , '
: ‘ BTOTO = ANS1 + ANS21
\ - BTOT2 = ANS2 + ANS22 ‘
\f ' DIFFO0 = BTOTO - B20EXP(NHST) S
DIFF2 = 'BTOT2‘- B22EXP(NHST)
; BOEX = B20EXP(NHST)
" B2EX = B22EXP(NHST)
FAC11

= (BTOTO - BOEX)*¥2 o
FAC21 = (BTOT2 - B2EX)*¥2 Co

FACDE = BOEX¥*¥2 + B2EX*¥2
© FUNC = (FACT11*(B2EX**2) + FAC21%(BOEX¥**2))/FACDE

WRITE(6 1170)NHST ETA (ALTEM(KL) KL=1 u) (OFFDIA(I)
1 I=1,4)
1170 FORMAT(1X I 2x ,9(F8.3,1%),/)
. WRITE(6, 170)AN51 ANS21, BTOTO ,B20EXP(NHST) ; DIFFO-
\ WRITE(6,171)ANS2,ANS22,BTOT2, BZ2EXP(NHST) DIFFZ FUNC
170 FORMAT(1X 5(F9.452X))
171 FORMAT(1X 5(F9.4, ,2X),E10, 3 //)
C N
) ' C
v, .. 8017 CONTINUE A , ‘
‘ " 8018 CONTINUE . Co e -
8019 CONTINUE . T ) S
., 8020 CONTINUE . . * ° P : PR .




. 8024 CONTINUE ; 164
8025 CONTINUE - " o i
8030 CONTINUE - CR SIS
8035 CONTINUE S : -
8040 CONTINUE.
8021, CONTINUE

© STOP LT e ey
CEND" : Lo TN
SUBROUTINE CHARE
DIMENSION QMAT (12,44 19),TE(H, 2)
COMMON/POINT/QMAT, FACMOD, ANS T, ANS2
COMMON/ CHARGE/ ETA

DO 5 I ,
DO 4 J =1,
TE(I,J) = O.

4 'CONTINUE

. 5 CONTINUE -

I n

a0 \ o
1,2 | . e,

DO 10 I

v TE(1,1)

TE(1,2)
10 CONTINUE

nwnon
o Mo B

) + QMAT(1,I,9)
) + QMAT(1,I,9)

+

2. ¥QMAT(1,1,1)

DO 15 I = 3,8.
TE(2,1) = TE(2,1) + QMAT(1,I1,9) - ' t
. TE(2,2) ='TE(2,2) + QMAT(1,1,9) + 2.*QMAT(T,I,1)
, 15 CONTINUE ' o |
DO 20 I = 9,20 ] ,
TE(3,1) = TE(3,1) + QMAT(1,1,9) . o
© TE(3,2) = TE(3,2) + QMAT(1,1,9) + 2.%*QMAT(1,T, 1).
20 CONTINUE ~ '
DO 25 F = 21,4 :
TE(4,1) = TEG,1) + QMAT(1,1,9) -~ -~ . .~
TE(4,2) = TE(4,2) + QMAT(1,1,9) + 2.*QMAT(1,I,;1)

25 CONTINUE

-

Tt(é,1)*(-1.3 +

E1 = TE(1,1)*(+3.) +

1 (-2.*ETA)¥TE(3,1) + ETA¥TE(Y4,1) . ‘
CE2 = TE(1,2)%(+3.) + TE(2,2)%(-1.) + 7

1. (-2. *ETA)*TE(3 2) + ETA*TE(Y4,2)

AK1 -12 *(1534 ¥%33/(5.%(32200. **2)*“0000 )
AK?2 16.%¥1534./(245.%32200.) ’

RCAP2 = ~ 0.07%(0,529%%2)

R2 = '0.785%(0.529%%2)

AKAY' = AK1*R2 + AK2*¥RCAP2

o

GAM = 0.33
€ONV = 116195.62
-FACMOD = CONV¥*AKAY*GAM¥29, 9

“ANST 0. 25*FACMOD*E1

{

-~

o
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. 165
aNs2 = - ‘0.25*FAcifre2

. WRITE(6 40)E1,E2"
40 FORMAT(IX A VALUES* 2x ,2(F10. 4 2x))

RETURN \ \ o
_END . (
SUBROUT INE CHAEL

* DIMENSION E(44,3),ELPRO(4Y,3), TEEL3(44,3),TEELU(4Y,3) .
COMMON/FIELD/E, ELPRO, TEEL3, TEELY ~
COMMON/ CHARGE/ETA .

DO 20 I = 1,12

IF(I.EQ. 1) ISITE 1

TF(I.EQ.2) ISITE = 3
IF(I.EQ.3) ISITE = 5 :
IF(I.GE.4) ISITE = ISITE + 4

"DO 15 J = 1,
£(I1SITE,d) = ELPRO(ISITE, 9 - 2. *ETA*TEEL3(ISITE, J) +
1 ETA*TEELA4(ISITE,J)
15 CONTINUE » '
20 CONTINUE ‘ -

RETURN .
END . : « . . A
- . . . N I{\‘a’v
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f

Program TRY4 is the RTH analogue of FLO14.
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*PROGRAM TRY4(INPUT,OUTPUT,TAPE18)

DIMENSION R(3), G(3) XO(Uy),YO(uu),zo(4y),pP(44,3),
TANAME(9), DIRQM(B) RECQM(3) UCP(36) QMNEw(uu 3)

2 cCc(9), sc(9) CD(9) SD(9),

3 DIRPO(3 3), RECPO(3 3),

3 PNM(3,“4,3),TR(3),TG(3),
4 TA(9),TB(9),TC(9),TCHI(9)
COMMON/ONE/G, R, PROD
COMMON/ADD/QMAT
COMMON/CHADD/ISITE, TEMSEL
COMMON/FIELD/E, TEEL3 TEELY
COMMON/POT/PHNM .
COMMON/OLLA/FACMOD -
COMMON/VOL/V,NHST

DATA PIE/3. 141597

DATA 'GEE, NIONS ILIM,NHST/0.5,44,4 9/
DATA (TCHI(I) =1 9)/58 5,62.25, 64
1-63.,64./
. PATA BETA/93 65/

62.,60.75,61.5,62.

t

DATA (ANAME(I),I=1 97/2HND 2HSM,2HEU, 2HGD, 2HTB, 2HDY,

1 2HHO, 2HER, 2HTM/

DATA(TA(I) 1=1,9)/9.72,9.67,9. 68 9.65,9.63,9.61,9.58,

~1.9.57,9. 55/
DATA(TB(I) I=1, 9)/6 60,6.55,6. 53 6.53,6.51,6.49,6. U7,V

1 6.47,6. HS/

DATA(TC(I) 1=1,9)/7. 90 7. 96,7; 96,7.92,7.89,7.87,7.84,

17.84,7.82/
.DATA (UCP(I) 1=1,369/. 25,.152“
.0587,.837,.2601,.2813, .0471,),

1
1

3 -174,.48u,.987,.1ﬂ7,.5u8,.1u 534‘
u N

.258,.002/

CONV = PIE/180.
BET = BETA*CONV.

I = NHST .

A ='TA(I)

C = TB(I)

B =-TC(I)

CHI = TCHI(I)¥*CONV

SB = SIN(BET)

CC = COS(CHI).,
SC = SIN(CHI) »
CD = COS(BET ~ CHI)

SD = SIN(BET - CHI)

V = A¥B¥C*SB

DO 217 I = 1,3

J =1 +3

P(1,I) ="UCP(I)

P(3,I) =z UCP(J) )
P(2,I) = 1. - P(1,I) .
P4,I) = 1. - P(3,I)

.25,.75,.3769,.25,

1823, . 4254, ,0888, ..
A6, .2988,.1058, .272..92, .605, . 364, .082, .608,

322,.149, 476,




< 217,CORTINGE, . e DR .
SRR e AN

Deaic™

)
(@]
1S
—

L .~
W
=
e
=

- ' L B~
, ' 61
T— 62 . , ,
163 + 2 : ' T e
. P(I,1),= UCP(I61). . ,

o 'p(1.2)°= ucp(i62) . .
: - ‘- P(I,3) =,UCP(I63) . . # .

“ T .C v n

“

"nouon
—HW +

oo %
iy AT
+ +
— ——

o

1..- P(I,1) , :

1. - PEI,2)’ : - : .
1. - P(I,3) . L & - .

g P )

KRR N

(el Ra VI -
NN S

I'\;‘ i1t

—S

0.5 -°P(I,10 - 1 N ' T v
P(1,2) - . , ’ A L IS
O‘-5 - P(I,3) ' .

-
v
havliae]
B ~~
| el i e |

Hnn

e )
~

S M
o, T ) P(M,1) =
. CNp2) =
° ' > (' (M,3) = - . 'y :
v . & J5 CONTINUE . ' . T e . )
. . ¢ > . : ) ‘
: DO 9999 ITRIP =-1,1
4 IF(ITRIP.EQ.1) ISITE.
: IF(ITRIP.EQ.2) ISITE
— . “IF(ITRIP.EQ.3) ISITE

! ' ‘ IF(ITRIP.GT.3) ISITE

LI LS | I 1]

1
3
5 . ‘ .
ISITE +-4 L
~AAN = P(ISITE,1) - S . :
BBN =*P(ISITE,2) . « )
o - CCN = P(ISITE,3) Cot : : \
. : DO 999 I9 = 1,44 - : S
_ XO(I9) = P(I9,1) - AAN - ' ST
\ - 20{19) = 'P(19,2) - BBN . ’
YO(I9) = P(I9,3) --CCN -, . . ' o

| e » :
) - . ' DO 510 L. ‘ o e
" . DIRQM(L) . ] . ‘

. ‘ B RECQM(L) = 0. L o ‘

W nn

-
w
S

+ DO 500 M

K ' DIRPO(L,M)

: RECPO(L, M)
= : 500 CONTINUE
N - ' 510 CONTINUE

c R

fo DO 100 I ='1,ILIM . @& = . ‘.

L AL = FLOAT(I) --1. . R .

- 2000 CONTINUE Ao r.

DO 95 J = 1,ILIM - * :

. - .
. W - .
A
T«

~

~

nouon oy
a1l I DO —
, Dow
r

- '.\»




bt e o

\ ~ 169 ' -
AM = FLOAT(J) 1. \ , ‘

1000 CONTRNUE S I ]
D0 96 K = 1,ILIM ‘ : S
ANN = FLOAT(K) - 1. - . C

. TL = 2.%PIE*AL . ‘ g;
TM = 2.%PIE*AM L
TN = 2.*PIE*ANN .
20 R(1) = (AL + XO(I9))*A*CC + (AM + YO(IQ))*E*CD .
R(2) = ~ (AL » XO(I9))¥AXSC'+ (AM + YO(I9))¥B¥SD «
R(3) = CANN + Z0(I9))*C .
G(1) = (TL*SD)/(A*SB) + (TM*SC)/(B*SB)
G(2) = - (TL*CD)/(A%SB) + (TM¥CC)/(B*3B) !
G(3) = TN/C B
R (1) Yo \
1 = R{1 .
TR(2) = R(2) -~
TR(3) = R(3) e
< T6(1) =.G(1) '
TG(2) = G(2)~
TG(3) = G(3) .
RV = SQRT(R(1)%%¥2 + R(2)%¥2 4+ R(3)*¥2) ,
GV = SQRT(G(1)%%¥2 + G(2)%¥%2 &+ G(3)*¥2) :

8

SQP = SQRT(PIE) S

RV¥#5 Lo : L ' "
RVERT . S :
RVE*g , ‘ : SRS
RVE¥11 T o IR
GV*%2 ‘ ’ <

¢ G3 : GEEX¥3 - L - T
'G5 = GVRsR_ e .

. \ v - coeT | < - ( , - L T, ',‘

" GRV

GR2
. GRY

=0

—

—
m-uowononoun

GEE¥RV ‘ oo LN
(GEE*RV)*¥2 .. ‘ . S \
GR2#¥*2 " oo : ~
GR6 = GR2%*3 , o { ‘
" GRB = GR2¥*y S .
IF(GR2.GT.100.) Go THikgs - «
EXPD = EXP(-GR2) . SR A

GO TO 889 ST ‘
888 EXPD 7 0:. o SRR
- 889 CONTINUE ‘ CT ST

CALL ?iFN(GRv;ERROR); = .

FRONT{'= 2.%GRV*EXPD/SQP ' .
DO 776 L = 1,3 , ‘ '

-

-, IF(RV.EQJ0.) GO TO 80 \ ~
IE(ISITE.\E.1) GO TO 80 - .
DO 801 M =¢],3 . . v ,

. ' . . \ :
4. N . t “ , i -
‘ A + ' [
. - D .
¥ . B ., . o - .

/ . , J -
' . .ot . . v ’ v

’n



»

C

IF(L.EQ.M) DEL1
IF(L.NE.M) DEL1

"o
(@)

GR6+252. *GR4+560‘*GF21945 )

"FAC11=(16.*%¥GR8+T72.%

1 *FRONT + 945.*ERROR .7

FAC12 = R(L)*(R(M)**4)/R11 ¢

.FAC21 = FRONT*(B *GR6 + 28. *GRu +« T0. *an +'105. ) +

1 105.*ERROR.

FAC22 = (U4.*R(MY*DEL1 + 6. *R(L))*(R(M)**2>/R9

FAC31 = FRONT*(4\N*¥GRY4 + 10.*GR2 + 15.). + 15, *ERROR‘

FAC32 = £12.%¥R(M)*DEL1 + 3.*R(L))/R7T .

DIRPO(L,M)=DIRPO(L,M) - FAC11*FAC12 + FACZ1*FAC22 -
o1 FAC31*FAC32

801 CONTINU
80 CONTINU

E
E

:
3 s
)

. IF(RV.EQ.0.) GO TO 81

!
' TERM1 =

(FRONT*(105.

+ TO.*GR2 + 28.*GRY4 + 8.%*GR6) *

1 105.*EBROR)*(R(L)**4) /RS

TERM2 =
1 6.%(R(
TERM3 =
* .DIRQM(L

81 CONTINU

“176.-CONTINU

4

(FRONT*(15.
L)**2)/R7

(FRONT*(3.
) = DIRQM(L)

E
E

t

+ 10.%GR2 + L.XGRU) + 15.%ERROR)*

+ 2.%GR2) + 3.¥ERROR)*3./Rs’
+ TERM1 - TERM2 + TERM3

¢

AIF((AL EQ 0.). AND (aM. EQ 0. ) AND.(ANN}EQ:b~))GGG‘='O.
IF(GGG.EQ.0.) GO TO 745 _— '

GRAT = (GV/(2.*GEE))¥**2
IF(GRAT.GT.100.)GO TO 788
EXPG = EXP(-GRAT) b
“. GO TO 789 ~
788 EXPG = 0. X ot
789 CONTINUE - ‘ !
CALL- DOTPC(PROPC) - T T
CAL \POTEL(PROEL) o .
o ¢
745 -CONTINUE = 1 ¥
DO 760 L = 1,3' .
. IF(GGG:EQ.0.) GO TO.755 -
‘IF(ISITE.NE.1) GO TO 755 .o
' AL A
D0 754 Moz 1 )3 - -
RECPO(L,M) = RECPOCEL,M) + (PIE/V)*M *G(L)*
1 (G(M)**h)*PROEL*EXPG/GZ S :
\/"n
754 . COUTINUE . ‘ “ O\

ey

¢



PP

b o o e 3 e ¥
-

£

90

. 95

100

330

coco

Qo

-

340

999
9999
819

82
81

830

PN
‘CONTINUE
* FORMAT (3 (F1

AN

N

CONTINUE

IF(GGG. EQ. O ) GO TO 54

RECQM(L) RECQM(L)+(PIE/V)*U *(G(L)**N)*PROPC*EXPG/GZ

CONTINUE ’

CONTINUE - {

.GGG = 1,

IF(ANNSLE.0.) GO.TO 90
ANN = - ANN

TN = - TN

GO TO 20

CONTINUE .
IF(AM.LE.0.) GO TO 95 ~

L 3

AM = = AM

™ = - TM

GO TO 1000 .

CONTINUE '
IF(AL.LE.0.) GO TO 100
AL = -~ AL

‘TL = - TL

GO TO 2000

CONTINUE
xS

DO 340 L

DO 330 M

,3 -
1,3.

PNM(L,I9,M) = DIRPO(L,M) + RECPO(L,M)

GONTINUE -
QMNEW(I9,L) = DIRQM(L) + RECQM(L)
CONTINUE //{ .

CONT INUE

CONTINUE

!
DO 820 I = 1,
DO 819 L = 1,
WRITE(18,810)
CONTINUE

4

~W I

NM(L, I, J) J=1 3)

DO 830 I = :
WRITE(18,81 )
CONTINUE

8)) -
I ,
( MNEH(I J), Js 1,3)

£
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- W,:W‘"—“’r'ﬁ""";?"‘ -
c
B

o2

STOP
END’ .
SUBROUTINE ERFN(GRV, ERROR) "
DATA  P/0.3275911/
DATA A1/0.254829592/
DATA A2/-0.284196736/ | L
- DATA A3/1}.431413741/ S ~
DATA A4/{1.453152027/
-DATA AS/ 061u05429/

T 1.4(1. + P*GRV) g . ;
( GRV.GT.10. ) GO TO 50
EX EXP(- (GRV**Z)) 7
, GO TO 60 “
EX = 0.
CONTINUE '
SUM = A1¥T + AQ¥THED 4 A3NT®%3 AN*T**H\+ AS*T**S
ERROR = 1. - SUM¥*EX
ERROR = 1. - ERROR ¢ ‘ . - ‘
RETURN , N ' =
END ‘ ' C

SUBROUTINE DOTPC(PROPC)
DIMENSION R(3),G(3),PRO(3)
COMMON/ONE/G , R, PROD

SPRO = 0. - » -
D010 I =1,3 .
PRO(I) = G(I)*R(I)

SPRO = SPRO + PRO(I}

CONTINUE
_PROPC = COS(SPRO)
RETURN

END .

* SUBROUTINE DOTEL(PROE‘,L) .
DIMENSION R(3) G(3),,PRO(3)
COMMON/ONE/G, R, PROD

SPRO = 0. " '
po10I-=1,3 - * -
PRO(I) = G(I)*R(I) . ‘
SPRO = SPRO + PRO(I) " ‘
,CONTINUE

PROEL = SIN(SPRO) _

RETURN . .

_END - ol o ~

u s
P S ]
» i . . WL
. Fihe
- . 1
'L



‘s

,
9

¢

CL34

Program

ALV e A b s, ¥ s i Fagd

’

aF

- -
- -
P .
4 -
-
N
- I
, RS .
\
<
N
~ - .
-
- \~
s
. N
N - = ~
./‘ .
' 7
. . .-
A ~
"
) [
1. -
7 -
-
2 > .
PR .
-, B
- -
-

» Jnﬂ.,.m..,.u%p..fi«; \...rryﬁ«. ..H,.!..\
'

-
.
-
s
- 4
-
¢
.
-
W%
-
« L e
"
- v
AY
a v
N .
v
—
. .
S
- - e
.

- 2
e
T

N




\‘

e e A T

e — o

Qa.

174

PROGR AM CL34(INPUT OUTPUT, TAPES) ~ - '

REAL WK(1450), ALIV(uu 9, QMAT(12 un 9) NEWPR(12,12, 9)
1 QMDEL (12,44 9) PROD(12 Ly ,9), ATEM(3 3) BTEM(3, 3)
3.ESS(44,3,3), QUPE(36 36) DIMO(uu 3), ELF(36) E(uu 3)
uAMXTEM(uu 3,3), OFFDIA(M) EPS.(4, 3 3) ALTEM(U 3),

5 BY2EXP(9), DIA(u) DEL (12, u'u) EILP'RO(UM 3), 'FEEL3(M 32,

* 6 ALRE(9), PNM(3 4y, 3) BNOEXP(Q) TEEL'—&(M 3)

DIMENSION DELPOL(M) B’MEXP(%) PNMNEW(3 44, 3), QMNEW(MU 3)

.. EXTERNAL LEQTZ2F

_ DEL(I,J)

COMMON/FIELD/E,ELPRO, TEEL3, TEELM

COMMON7 CHARGE /ETA

COMMON/POINT / QMNEW, FACMOD, ANS1 ,ANS 2, ANS3

DATA (ALRE(I) I=1 9)/1 23,1.11,1.06, 1.01,0.97,0. 9y,
ALRE(1) = 1.23 (EXPL FREE ION VALUE)

ALRE(3) = 1.\06 (EXXPL FREE ION VALUE)
10.90,0.86,0.83/ ¢

DATA (OFFDIA(I)
DATA (BMOEXP(I),
1-.035,-.033,~.0
DATA (Bueﬁxp(l),
1.052,.092,.054/ ‘ . x
DATA (BMEXP(I) I=1,9)/-.014,+.001,+.004,+.000,-.004,
1 -.005,-.033, +. 069 +.0317 :

DATA ETA, ALCL , ALOX, ALHY/0. 4., 1.40, 3 110,0.6/

DATA NHST/9/

DO 869 I
DO 868 J

1,4)/0000000 000/ - '
1,9)/-.033,-.035, -.034,0. 0000,-. 037,
y == 035/

1,

I=
I:
36. '
I1=1,9)7.035, .023,..034,.000, .024,.031,

1,
1,44
0.

CONTINUE . o
CONTINUE : SRR ‘
DEL(1,1) y -
DEL(2,3)
J = 1

DO 870 I
Jd=dJ + 4
DEL(I,J) =
CONTINUE

o
-t b
. .

3,12

DO 820 ITRIP = 1,12
DO 819 I9 = 1,44

READ(S, 810)(QMAT(ITRIP 19,4),J=1,5) )
" READ(5,811) (QMAT(ITRIP,I19,K) ,K=6,9)
CONTINUE :

CONTINUE

DO 830 ITRIP = 1,12
IF(ITRIP.EQ. 1) ISITE
IF(ITRIP.EQ.2) ISITE
IF(ITRIP.EQ.3) ISITE =5
IF(ITRIP.GT.3) ISITE ‘ISITE
READ(S,812Y(ELPRO(ISITE,J),J
dJ
J

1 .
3 o V4

Houn

READ(S, 812)(TEEL3(ISITE 5,
READ(S,812) (TEEL4(ISITE J),

830 CONTINUE



e LR it Bt GRS

c

898
899

S 897

§10
811
812
813

[
T oaan

501
505
510

-, 514

S 515

519
¢ 520

524
525

529

530

534

_FORMAT(4 (F1

175
DO 840 IQ = 1,44
READ(5,813)(PNM (1,19, J),Jd=1,3
READ(5 | 813)(PbM(3 19,dY,d=1,3

* 840 “CONTINUE

DO 899 I 1,44

DO, 898 L 1,3

READ(5, 812)(PNMNEW(L I,d),d=1
CONTINUE

CONTINUE

DO 897 I = 1,44 -

READ(S, 812)(0MNEW(I J)  J=1 3)
CONTINUE ’

FORMAT(S (F1

FORMAT(3(F13:
FORMAT(3(F1

WLULA)LAJ

DO 510 I.
DO 505 J
DO 501 K
ESs(1,J,K
CONTINUE
CONTINUE
CONTINUE
DO 515 I
DO 514 J
ESS(I,J,J)
CONTINUE
CONTINUE
DO 520 I
DO 519 J
ESS(1,J,J
CONTINUE
CONTINUE
DO 525 I
DO 524 J
ESS(1,J,J
CONTINUE
CONTINUE
DO 530 I =
DO 529 J =
ESS(I,d,d)
CONTINUE
CONTINUE
DO 535 1
DO 534 J
ESs(I1,J,d
CONTINUE

~i nn
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535

539

540

. 400

" ALTEM(2,2)
- ALTEM(2,1)

- OFFDIA(1) =

~~ DO 8017 IK4 .
- OFFDIA(Y4) =

L . 176 .

1)
—_

ESS(1,2,2)
CONTINUE ) ‘
DO 540 I Ul u

DO 539 4 13,2
ESS(I,J,d) 1.
CONTINUE
ESS (I,2,2)
CONTINUE

won
i -

1]
N}

—_

.

CONTINUE oy
DO 8040 IJO
ETA = 0.20 + 0.01*FLOAT(IJO)

CALL CHARE

CALL CHAEL : ’
DO 8035 1J1 = 1,1 L :
ALTEM(1,2) +0.59 - 0.01*FLOAT(IJ1)
ALTEM(1,1) = ALTEM(1,2) '
ALTEM(1,3) = ALTEM(:1,2)
DO 8030 IJ2 = 1,1 g

3.04 + 0.01*FLOAT(IJ2)
ALTEM(2,2) T
ALTEM(2,3) = ALTEM(2,2
DO 8025 IJ3 = 1,1 \
ALTEM(3,2) 3.81 — 0.02*¥FLOAT(IJ3).
ALTEM(3,1) = ALTEM(3,2)
ALTEM(3,3) ‘= ALTEM(3,2)
DO 8024 IJ4 = 1,1 .
ALTEM(4,2)
ALTEM(4,1)
ALTEM(4,3)

nun
1"

4

0o

wann

ALTEM(H4,2) . .
ALTEM(H,2)" Ty

-

DO 8020 IK1 1

1.00 —1.00*FLOAT(IK1)

- O

O et e A D

DO 8019 k2
OFFDIA(2) =-
DO 8018 IK3.
OFFDIA(3) =

3 + 0.01%FLOAT(IK2)

-

0 .22%FLOAT(IK3)

TSR TRE TR T

O wd Ok O wmd o

- -

29 + 0.002*FLOAT CIKA)

*
R

T te———

<

PN TN TN PN PN N

o uonn

-

1,1 ’ G-

0.411 + 0. QO1*FLOAT(IJY)

ac
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D0 270 I

268
269
270

2000

[ M ]

" 210
230
220

211
213
215

25

35

40

D0 211 K
L =L + 1

177

CONT INUE
CONT INUE

DO-269 J =
DO 268 K =
EPS(I, d,K)
CONT INUE
CONT INUE
CONT INUE

“ e e

| J I S p—y
QW &

DO 2000 KK = 1,4 - .
DIACKK) = ALTEM(KK, 1) *ALTEM (KK, 3) - OFFDIA (KK)*¥2. . -
IF(DIA(KK).EQ.0.) DIA(KK) = DIA(KK) +,0.001

EPS(KK,1,1) = ALTEM(KK,3)/DIA(KK) . B
EPS(KK, 2! ,2) = 1. /ALTEM(KK 2) . T o
EPS(KK,3,3) = ALTEM(KK,1)/DIA(KK) : : -
EPS(KK,1,3) = - OFFDIA(KK)/DIA(KK) S S -
EPS(KK,3,1) = EPS(KK,1,3) R

CONTINUE { ' °

DO 220 I = 1,44
IF(I.LE.2) ISUB = 1 ‘ o
IF((I.GT.2).AND.(I.LE.8)) ISUB = ‘ .

- IF((L.GT.8).AND.(I.LE.20)) ISUB = 3

IF((I.GT.20).AND.(I.LE.44)) ISUB = 4

D0 230 J = 1,3 .

DO 240 K = 1,3 ‘ o , )
AMXTEM(I,J,K) = EPS(ISUB,J,K) ’ '
CONTINUE :
CONTINUE
CONTINUE

"
—
&
g

DO 215 1
L =0 ' o, . 3 ”
DO 213 J = 1,3 : . ,

non
w

ALIV(I,L) = AMXTEM(I, J,K) RN .
CONTINUE o T
CONTINUE ’ ' '
CONTINUE

DO 40 L
D035 I =1,9
DO 25 K = 1,UN
QMDEL(L,K,I) = ALIV(K, I)*DEL(L,K) - QMAT(L,K,I)
CONTINUE o

1,12

‘CONTINUE

CONTINUE

DO500 I =1,12 .
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loXeXel

490

495

500

480
485

51
52

. BTEM(L,M)

48
49
50

T

47
56
58

- NEWPR(I,

60
65

70

‘DO 53 M

DO 495 4J
DO 490 K

" PROD(I, J,

‘CONTINUE
CONTINUE
CONTINUE

DO. 485 I
DO 480 J
QUPE(I,J)
CONTINUE
CONTINUE

DO 58 1
DO 56 J
K =0

DO 54 L

K =K +
ATEM(L,M)
CONTINUE
CONTINUE
DO 52 L =

-0 n

178

=TI ]
1
(@]
.
FS
|

o

DO 51 M ="

BTEM(L,M)
CONTINUE
CONTINUE
DO 50 L
DO 49 M
DO 48.N

Houou

CONTINUE.
CONTINUE
CONTINUE
KK =0
DO 47 L
DO 46 M
KK = KK

+°0Hu

R ek f =

PROD(I,J,K

CONTINUE
CONTINUE
CONTINUE
CONTINUE

A\

DO 70 I
DO 65 J
DO 60 K

Cel-H N1

CONTINUE
CONTINUE
CONTINUE

R e b

LA

1,12 .
1,44 ,

1,3 . . ‘
1,3 - o

= QMDEL(I,J,K) ‘

P

) = BTEM(L,M) y

- e

[N R

u
o
L]
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73

72

770

771
75

87
89
93
95

DO 751
DO T4 J
DO 73 K
NEWPR(I,1,
CONT INUE

DO 72 K =
NEWPR(I,2,
CONT INUE

K = 1

DO 7T L =

o

K + 1
K + 3
DO 770 N =

"NEWPR(I,L,

CONT INUE
CONT INUE

.CONT INUE-

CONT INUE
DO 95 I
DO 93 J
D0 89 K
DO 87 L
IT =~
JJ =
M= L + 3%
QUPE(IL,JJ
CONTINUE
CONT INUE
CONT INUE
CONT INUE

IDGT =0

179
1,12
1,9
1,2
J) NEWPR( ., Jd)
3,“
J)
3,12
Ky M
J) =
1,12
1,12
1,3
1,3
- 1)+ K
--1) + L
(K - 1)
) = NENPR(I J, M)

+ PROD(I,X,J)

I

= NEWPR(I,2,J) + PROD(I,K,J)

NEWPR(I L,Jd) + PROD(I,N,J)

" CALL LEQT2F (QUPE, 1

1.00.
105
110

D0 200 I

DO 195 J

DIMO(I,J) =

CONT INUE

,CONT INUE"

DO 110 I
DO 105
DO 100 K
DIMO(I,J)
CONTINUE
CONT INUE
CONT INUE

D0 125 1
D0 120 J

i -n
- W

- -

1
1

—l.—l_-l

’
?
4
D

’
0.

4y
3

2
3
3
I

LUN I

R 4

, 36,36, ELF,IDGT, WK, IER)

MO(I, J) + ESS(I,J,K) *ELF(K)
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D0 115K = 1,3
L= K +3 . ) :
DIMO(I;J) = DIMO(I,J) + ESS(I,J,L)¥*ELF(K)
115 CONTINUE Lo ~ :
120 CONTTNUE : :
125 CONT INUE -
K= 1 i
DO 140 I = 3,12
K= K +14
M=K +3
DO .137 J = K,M
DO 134 L'= 1,3
DO 131 N = 1,3
K2 = 3*(1 - 1) + N . .
DIMO(J,L) = DIMO(J,L) + ESS(J,L,N)*ELF(K2)
131 CONT INUE '
134 CONTINUE
137 CONTINUE ° ,
140 CONTINUE ‘
150 CONTINUE ,
f
EPO1 = 0.
EP02 = 0ff
EPO3 = 0. i .
IF(ETA.EQ.1.) IPO = 20 i
IF(ETA.LT. 1.) ID0 5 4y ,
D0 160 I = 1,ID0 ° ‘
D0 155 J = 1 3
EPO1 = EPOT + DIMO(I J)FPNMNEW(J, T, 3):
_EPO2=EP02+DIMO(I,J) * ( PNMNEW (J,T,2) = PNMNEW(J ,2,1)) »
EPO3 = EPO3 + DINO(T,J)*(PNMNEW(J,I,1) +
1 PNMNEW(J,I,2) - 0.75*PNMNEW(J,1,3)) : -
155 CONTINUE \ S
160 CONTINUE . , ’ )
ANS21 2 - FACMOD*EPO1/192. ‘ .
ANS22 = - FACMOD¥EPO2/48. T . -
ANS23 = - FACMOD¥EPO3/48. : ‘
1 , M \
. ..BTOTO = .ANS1 + ANS21
BTOT2 = ANS2 + ANS22 \
BTOTY4 = ANS3 + ANS23
DIFFO = BTOTQ - BYOEXP(NHST)
DIFF2 = BTOT2 - B42EXP(NHST) . ’
DIFF4 = BTOTY - BUYEXP(NHST) { '
. %
PRINT 170,NHST,ANS1, ANS21,BTOTO0,B4OEXP(NHST ) ,DIFFO L
" PRINT 170,NHST,ANS2, ANS22,BTOT2,BU2EXP(NHST ) ,DIFF2 '
PRINT

170

170 /NHST ANS3, ANS23, BTOTH, BNHEXP(NHST) DIFF 4

FORMAT (1X,11, -5(E10, 3 1x))



oo Xe!

8017
8018

~ 8019

8020
8024
8025
8030
8035
8040
8021

-

CONTINUE

CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE

" STOP

. END

181

SUBROUTINE CHARE
DIMENSION TE(4,34 ,QMNEW(44,3) .
COMMON/POINT/QMNEW FACMOD, AN81 ANSZ,ANS3

COMMON/CHARGE/ETA

DO 5'I = 1,4 * , \

DO 4 J = 1,3 4

TE(I,d) = 0.

CONTINUE

CONTINUE v ‘

Do 10 I = 1,2 - ‘

TE(1,1) = TE(1,1) + QMNEW(I, 3)/192

TE(1,2) = TE(1,2) + (QMNEW(I,2) - QMNEW(I; 1)) /48,
TE(1,3) = TE(1,3) + (QMNEW(I,1) + QMNEW(T, 2) -

1 0. 75*QMNEW(I 3))/48
10, CONTINUE

DO 15‘1
TE(2,1)
TE(2,2)
TE(2,3) ;

o -

3,8
TE(2 1) + QMNEW(I 3)/7192,

TE(2,2) + (QMNEW(I 2) - QMNEW(I 1))/48.

TE(2,3) + (QMNEW(I,1) + QMNEW(I 2) -

‘1 0. 75*QMNEW(I 3))/&8
15 CONTINUE

DO 20 T
TE(3,1)
TE(3, 2
TE(3,3)

1 0. 75*QMNEW(I 3

20 CONTINUE

DO 25 1
TE(4,1)
TE(4,2)
TE(U 3)

d N oo

i pwnp

~
%

9,20 \
TE(3, 1) * QMNEW(I 3>/192
TE(3 25 + (QMNEW(I,2) - QMNEW (I, 1))/u&.
TE(3, §) + (QMNEW(I 1) + QMNEW(I, 2) -
) /4 -

/48,

21,44
TE(u 1) + QMNEW(I 3)/192 -

TE(4,2) + (QMNEW(I 2) - QMNEW(I, 1)) /48.
TE(4,3) + (QMNEW(I,1) '+ QMNEW(I,2) - '

1 0. 75*QHNEW(I 3))/48
25 CONTINUE

s

4t
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X Xel

1

1

“CONV

.FACTOR 0.033/169. TEMPORARfkbﬂLY v

'FORMAT(lx *A VALUES* 2X, 3(E15 5, 2X))

ez AR
T~ s /

E1 = RE€1, 1)*(+3.) + TE(2, AT 4 5 T
(-2.*ETA)*TE(3,1) + ETA®*TE(4, 1) ' S
E2 ="TE(1,2)*(+3.) + TE(2, 2)%(=1.) +

{-2. *ETA)*TE(3 2) + ETA*TE(U 2)

E3 TE(1 3)¥3 .- (2,3)- 2 *ETA*TE(3 3)+ETA*T ,»3)
( oY

R2 = 1.515%(0.529%¥1) | e .' N !
= 116195.62 = - . S o

FACMOD =(CONV¥29.9¥R2/60.)%0.33/169. T
ANS1 ~~ FACMOD¥*E1 R

ANS2 = - FACMOD*E2 % - \

ANS3 - 'FacM@b*es T ) N U~ N

nnn

PRINT 40, E1'E2,E3 \ e

PRINT 40,ANS1, ANSZ ANS3

RETURN o , . .
END g \
SUBROUTINE CHAEL S

" DIMENSION E(U44,3), ELPRO(UU 3), TEEL3(44§3) TEELN(HH 3)

" IF€I.EQ.3) ISITE

1
15
20

COMMON/FIELD/E, ELPRO TEEL3, TEEL“
COMMON/CHARGE/ETA L\

L]
v . "b“v

. M »

- ’ /" - R . i Ky '
DO 20 I = 1,12 ~ SURTICE .
IF(I.EQ.1) ISITE oo /
IF(I:EQ.2) ISITE o .

IF(I.GE.4) ISITE ="ISITE + X . .

DO 15 7 ='1,3 - »

E(ISITE,J) = ELPRO(ISITE,J) - 2. *Ef\#TEEL3(ISITE JY -+
A*TEELU(ISITE J) .

—d

nHonon
W‘
[N
W

ONTSNUE v 3" | | -
.CONTINUE, =~ ~° \\ : , - .

"RETURN= . Lo

. Lo .
END S T : ' T

Yy

p ..
.
AN Ny
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