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Abstract:

Results of magnetic susceptibility and magnetization measurements on the eclipsed layered compounds
(NH3(CH2)nNH3) CuX for n=2 and 4 with X=C14 and for n=2 with X=C12Br2 are presented. The
intrnlayer and interlayer superexchange values for the three compounds were found to be
J/k=23.0K+0.5K, J'/k=-13.7k+0.5K; J/k=13.0K+0.2K, J'/k=1.5K+0.2K;and J/k=15.0K+1.0K,
J'/k=31.0k+1.0K respectively. These values along with those for the n=3 and 5 members of the above
Cl4 series were used to obtain the first direct measurement of the two-halide superexchange interaction
in a transition metal. Strong evidence is presented that the halide-halide overlap is the primary factor in
determining the strength of the superexchange interaction through a two-halide bridge rather than the
cation-cation separation as has previously been suggested. A Rayleigh-Schrodinger perturbation
calculation is also presented on a four-center, four-electron cluster which represents a linear two-halide
superexchange bridge. The results of the calculation support the experimental findings that the critical
parameter involved in the two-halide superexchange is the interaction between the intervening
diamagnetic anions.
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ABSTRACT

Results of magnetic'susgep;ibility'and maénetization measurements
on the eclipsed layered compounds (NHS(CHZXnNﬂs) CuX for n=2 and 4 with
X=Cl, and for n=2 with X=Cl,Br, are prebenﬁed. The intralayer and inter-
layer superexchange values for the three"compounds were_found'to Be

J/%=23.0K40.5K, J'/k=-13.7K+0.5K; J/k=13.0K+0.2K, J'/k=-1.5K+0.2K; and
J/k=15.0K+1.0K, J"/k=—31.0kj_;1~.0K reSpective;ly. These values along with
those for the n=3 and 5 members of the gbobe Cl, series were used to
_6btain ;he first'dire¢t measﬁrement of the twvo-halide snﬁeiexchunge
‘interaction in a transition metal. Strong eiidence is presented that the
halide~halide overlap is Fhe primary fagtqf in determining the strehgth.
of the superexchangelj#teraction'throﬁgh 8 two~halide bridge rather thsan
the cation-cation sepi:aratio.n as has previously been suggested. A Ray-
leigh—=Schrodinger perturbation calcuiation;is also presented on a four—
center, four—glectron clustef whiéh represents a lineaf two—hglide
superexchange bridge. The results of the caiculpfion support the experi-
Hmental findings that the criticﬁl parametei involved in the twq—halide
supeérexchange is the interaction between thé intervgning dinpagnetic.

anions,




CHAPTER I. INTRODUCTION

A, Overview of the Two-Halide Superexchange Interaétion

There has.been véry little experiﬁenfﬁl or theoreti?gl.wo;k on the
problenm of énperethange through ﬁ_two—halide bridge; Thié.has been
caused by two separate but eqnq}ly arrestigg reasons. Ffom an e£perimen4
tal standpoint, the compounds that have a sjmple crystal strnctﬁre which
wvould allow an iﬁdestiggtiop of the fwo—palide e#chunge have only re-
cently been'syhthqsized.‘Theoreticdlly; asg is well known, thevpféblem of
an g prioxi superexchgﬁge calculation is;sufficienfly'difficnlt wfth
only alsingle superexchange anibn,in;olved1SO that extending any theorj
to a second intervening anion is to some degree ‘putting the cart before
" the horse.’ The reseafch reported in this'ﬁhesis prbvides a first iogk'
_ into both nntré&den areas with the priﬁnry emphaéis placed oh léarning
" the phenomenology 6f'ﬁhe two—halide.interaption b; stndyiﬂg the experi~
mental results. | .

Amdng the many experimental techniéues available (for exampie,.epr.
magnetic specific heat; magnetic suscgpfiiility, and lingat'mag;etic
bitefringeﬁce) which ‘would' allow a detérmimation of the exch;ngé‘
strength, it was decided that a magnetiiation and sns;eptibiiify inve o~
tiga?ion wvould be thquost useful, This cﬁoice v#s partly dgpendent on’
the equipment avaifaﬁ;aﬂBut to a-greateriextent. the choic{ vas die~
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tated beénnse the sﬁséeptiﬁility data &s‘a function of temperatﬁre ang.
applied field provide‘a'clea;er and more detailed look at the ethaﬂge
'int;raction than any of the other methods. - |
Prior to the étarg of ghe'research it-wa§ thought that 1-2 ethane-
diammonium tetr#chiorqcuprate (EDA; would be similar to the alréady well
studied MA, series (C;gzn+1NH3)2 MX, where M is Cu2* or,Mn2+ and X cou;d
be C1™ or Br~ with n=1,2."‘".10. Tﬁese:compounds‘were found to be
nearly 2d ferromagnets and were of iﬁterest'for that reasom. More will
be said about the important work déﬁe o; th#t séfies later. It.sooh
became clear, however, that EDA was not béhaving as the 2d ferromagnet .
that if was thought to‘be. |
Anﬁl&sis of the high temperature dnth‘by-high temperﬁtﬁre series '

. expansions indicatéd the surprising regdlt iﬁat EDA was in fact a ﬁenrly.
3d antifer;omagnet. A review of the crystai ;tructure suggested that'ghe
largér interplanar e;ch;ngé migh? not.bé uneipected‘because of the
linegf two-ﬁalide bridge that exists in EDA vhich does not'oc;ur in the
MA2 series. It bec;me cleqf that the entire EDA series might offer the
unique‘opportunity to investigate this heretofore poorly studied type of
superexchaﬂgé path. It was thought that‘changing the inferlayer super-
exchange aniop'woﬁld provide still more information about the behaviour
of the magngtié interaction so crystals of the mi#ed'halide compound,
EDA CuCl,Br, were obt{ined and sfndied. a |

A number of important conclusions were drawn by us from thigs inves—
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tigation., Primarily, tﬁe two-hali&e exchange appears to -depend cfiti;al;-
ly on.the overlap-of the two anions rathér ;han thé distance betweén the.
~metal cation; a's has been‘previbu;ly sug?e;ted.“Secqndarily, it was
possible to aitempt a f@rst pfinciples c;lculation of thé'tvd-hdlide
spperexchange with some hbpenéf success sinbe there Qas now avdilgble
" for comparison the first-experimegtal_gvidénce of an apprdpriata systeﬁ.

Before contiﬁujng'with the.detai1§ of ¥he experimenis which lead to
the above ;6nc1usions, the history of the 2d studies that preceded fhis'
vork will be outlined_° Following that a %rief refieﬁlof some of the
history associated‘with the superexchanég interaction will be given
. along with an inéroduéto;y Aisqussion of the Heisenberg Hamiltopia# and

. its place in the study- of the magnetic behavior of EDA.

B. Review of Previous Lower Dimensional Experiments

It will fi?st be ?elpful to define thé word dimensionality becau;e
in common ﬁsagg it hag many different mea;ings.‘in-thiélthesis it will
Ltypically réfer to the latticelor the spatial dimen;ionality of aﬁ
interaction or of a‘coﬁpound.and it will denoted by a lower case.daiieu
an exchange intera;tioﬁ which takeg place pfimarily between_magnétié
ions along a chajn wbp?d be called 1d exéhange; A'capitailD ﬁill be used

" to refer to the.ﬁodel @imensionality.(This kind of dimensionality is
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called the sprn dimensionality by some authors.) The model'refers to the
way in which it.is possible for the spins to couple:in an,ihteraction.-
For example, a iD intereetion, ofteh called an Ising interaction. means
that only . the z.axes,of'the spins couple along a direction usually
defined by the crystal envirenment in whieh they siti A Heisehberg
‘interaction is represented by the notatron 3D whxch 1ndicates that there
~is no restriction in the ways the sp1ns can couple to each other. One
further drmensronalrty'that is sometlmes-refered.to_1s that of the spin
space. fhis just denotes the totel spin of'the.idteractihg eleetrons
with the two limits being 1/2 for a comoletely“quantnm-like systeﬁ and e
for the classical system., Since this thesis reports only on the Cu2+
magnetic cation, the spin space dimensionajity will he.tekeo es I(Q-for
what follovs. | -

Mnch.of the work done on lover ddmensronal transition.metal.ions ih
the'pest 12 &ears has occured becense chemists have learned:to meke-theh
and because the physies of the interactions-is to a'large exteht easier
to understand than for those with higher dimensronalxty.Further,thev
lower—d models are the'only ones which have been solved exactly., The.

excellent tour de force by de Jongh and Mnedema(l)

mental and theoretxcal stndxes of 1d, 2d and 3d systems pr1mar11y of the
transition metal catxons and also details the1r owvn significant contr1—
butions to this study: More reeeﬁtly Carlin and van Dnyneveldt(Z) heve

extended the review of de Jongh and Miedema to include recent experi‘

reviews the exper;— T
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ments on these materials. In particular the extensive‘and'thorough:“
magnetic susceptibility'and specific'heat investigations of.de.Iongh and
his associates has led'to a_rather‘complete7understanding:of.the id-
interactions in.the;layered MAZ-series:of conpounds. This series uas of '
"great interest.to us because of its structural similarities to the EDA
series, It was originallyithought that the MA, series would provide a.
system in which the 2d coupling'could be 'tuned' to any‘desired level by
changing the 1nterlayer spacing by 1nsert1ng more - Cﬂz 'S into the inter-
layer organic chains. It was found however, that the n=1 member of the
series was already an excellent 2d ferromagnet. Table I illustrates this.
by showxng the values of the exchange for the series, As will be dis-
cussed later, in retrospect this small 1nterlayer exchange is not too
surprising. L

One of the original notivations behindothis'work was to investigate o
the existance of -the Stanley—Kaplan(s) transition;Stanley and Kaplan.
showed that while no.snontaneous magnetization could occur at nonaero
temperature for a 2d Fleisenberg system, a.-result proven by Mermiu and
Wagner(4); the susceg}ibility could diverge at a'finite temperature.
Using the results of the investigation of the MAZ series de Jongh and
Miedema were able to argue convincingly(S) that such a phase does exist.

' As a result of their'study of the 24 systems, de‘Iongh and Miedema
suggested ‘that nothing of sxgnificance vas left to be learned from a

search for new 24 ferromagnetic systems(6) They concluded that all
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TABLE I.  Various magnefic and.st;uéturql values for some of th; QAZ
| | seiies'of cqmpounds(“). Tc indicates the transifion tempera—
ture, T/k ;nd J°/T give thé in-plaﬁe exchange and ?he ratio
of the out-of-plane to the in%plane exchange, and‘&in and
d,ut are th; in- and out-pf—plagé distances betweén.neareSt~‘
neighbor Cu?* jons tespecfiveiyu Distance§ are in units of
angstronms aﬁd_tﬁe exéhange énergiés are in units of-d;grees
‘Kelvin, .
(€ Hyq4gNHg),CuC1, T, Ik TS dyn dgge
8.91  19.2  +5.50107°  5.25 18,3
1025 18.6 -801074 . 5.24  21.2
7.65 16,0 -60105 530 24.1

n=10 7.91  17.9  +3¢107 - 5.24  50.9

a. L. J. de Jongh, V. D, van Amstel, and A. R, Miedema, J. Phys.

(Paris) Suppl. 32, 880 (1971).
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remaining fqndamqntal questions could be answered sy studying .the re-
sults of'the'already'knpwnlcompounds.Howgveru one questjpn'whiqh had
not been adeguately gddres#ed is that of a magﬁetic_dimensionality
crossover from ldlfo ?a or from Zd'to 3d at temperatures nof ne#r the

transition temperaturé. (The lattice dimensionality crossove?s that

occur simply because eéery gystem which has long range order must even-—

tually become 3d were discussed at length by de Jongh(7t)‘Fortunately.

chemists had already synthesized a compound similar to those of the HAZ

series, EDA or (NH4(CH,),NH;) CuCl,. Because the structure of the lhyers

in the two sefies was identical and because the importance of the slight
differencé in thé inter;ayer orientatiqn,had.nb£ yet.become‘apparent.
this.éombound was not iﬁmediately studied for its magnetic'pxdperties
since it Qas thoughf ;o.be only a repeat of the MAZ compounds. howéver.
the crys;dl'ﬁtructufe'is different in what'is-now.known to be an ex-
. tremely crucial way, a vay that allqws'the érosso#ér ig magnetic dimen—
sibnality to be studieq;

Figufe 0 shows aiQiagram of ;he unit cells of the arcﬁetypical

structures of the two series. The layers as already mentioned are iso-

: morphic and shovw the'usual'buékling'of the planes that is common in

the layered tjpe compounds. But notice -that adjacent layers are shifted

' ﬁy a half a unit cell in two direcfions in EDA vwhich causes the'magqetic

doms to lie mearly above one another. This effectively brings the’

-nearest neighbor out-of-plane cations 50% closer éincq_the& were twvo




MA,

FIGURE 0.

-

EDA

Diagram of the unit cells of the EDA CuCl, series cogrounds
and the MA, CuCl4 series. The lines through the Cu

ions

indicate the bond directions of the Cl1~ anions. The drawing

is approximately to scale.




- layers apartlin tne.MAz compound. As wss~known 6 or 7. years ago snortiy
after the crystal strqeture.of EDA was fonnd‘s).'thnt decrease. in dis-
 tance-is by itself ne%lsufficient'te increase the interleyer e;change
appreciably. Again.aéigill belshown in this thesis it is the overiap.of-
‘.the out-of-p;ane‘anions that is cri;icu}.te‘the increased exchange in

that direction. .

C.A History and Development of Superexchange

.Prior to the introduction of quantu@ mechanics the theoretical
basis of magnetism in{spiies vas at least.as mnch a mystery to physi~-
cists as the behuvior:ef lodestone wus‘fo'ear;ier students of nature,
: Thefe'wne no safisfuc?efy vay to neépneiie vhat wne physically known
about solids and_theiristmucture and the ability of claesical.physics to
predict maéneticuphenenena in them. It took Heisenberg’s great in-
-s1ght‘9) in 1926 to point out that the’ Panli prxnciple coupled w1th ‘the
ord:nary Coulomb interactxon could lead to a very stroig tendency for
spins to align, thus giving rise to ferronagnetie behavior. Dirac soon

therenfter ¢xpanded fhgt vork to define the 'exchunge"Humiltoninn(IO)

_ ex"‘E JiJ i j‘ _ : (1. 1)
whxch has since proved to be an extremely useful tool for describzng the

magnetic 1nteractzon° of isolated magnetxc ions. Howevet. this expres~
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sioﬁ give; the ﬁiéléading impression fhat exchange is dependent upon the
‘prbperties'of spiﬁ; which:is whol;y.in error. Dirac only showed'that the
exchange interaction could be convgﬂiently represented yithﬁﬁqn.l.l.
The physics qf the interaction is'cohtained-in the coulombic eichange

integral, Jab’ ﬁhich.foi two electrons in orthogonal orbitals may,bé

" written as

Tp=lYs (LPL(2) |—rT°f—rz|\Pa(2wb(1)atldzz ‘ (1.2)
The distinétion between Jij and Jab is.extremely important andAis~often
confuse‘d.-J’ij in gene;al is cémpo;éd of a—sum and diffeténce of intéf
grals, one of wﬁich is 3a$.'rhis will pe madg more clear iﬂ Chapter IV
where ; discus;ion of simple exchange theory is presented.

Not surprisi#gly.;Eqn. 1.1 has been‘usgd-exfensively to prediét»the
.behavior of many magnetic systems, Typichlly a theéry ié devéloped using
Eqn. 1.1 as part of the Hamiltonian (H) with the exchﬁnge constant, Jij’
left as an a&justable,parameter. In many éases this has led'to reason—-

ably consistent values for Ji‘ when two different theories are compared,

J
for example, magnetic'snsceptibility expan;ions and epr linewidth calcu-
Jations. This method has the fault that jij is found empirically an@ is
not determined from tﬁ; interactibn of thg wavefunctions., On the other
hand, because of the oﬁvipus complica?ions_that'arise from tfying to do
an a priori calgulat?on of Jij usiﬁg real wayéfunctions. it is not

surprising that there has been very little success in the past following

this route. Recently though, as'wili be discussed in Chapter IV, some




i1
éncouraging progress has been made starting from a first principles
calculation,

Soon after the idea of exchange between two magnetic ions was
proposed and ¢evelope§ it became obvious . that many compounds showed
magnetic iifetactions although the magnetic.ions in those compounds Qere

;ﬁuch too far apart to interact in fhe way suggested by Eqn. 1.2, A~
solution to this anomaly was first offered by Kramers(ll) in 1934, His
hypothesis was that the interveniné diamagngtic ligands which occured in
those compoﬁnds which had the inexpliéabie exchange were in some way
enhancing the overlap of the magnetic cation wavefunctions. This pheno—-
menon was called supgrexchange because of the relatively_iarge distances
over which it acted. Bequerel, de Hass, and van den Handql(lz’ were the
first to show experimental evidence for the existence of this ‘super~
exchange’ iﬁteraction; Twelve years 1ate; in 1946 De Klerk(13) using.
mggnetic specific heat megsufements on copper potassipm suifate obtained
further resulys which'bqggested a superexchange coupling. He showed that

2+

the specific heat due'to isolated Cu ions was too large to involve the

- usual exchange inieraction. Finally, the existence of the superexchange

1‘14) and coworkefs by use of

interaction was.shown conclusively by Shul
lov temperature neutron diffraction studies on non-conducting solids
which showed magnetic ordering of spins on different paramagnetic ioms

separated by a diamagnetic ligand. The study of magnetic ordering caused

by the superexzchange interaction has since become a widespread area of
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'~interes§. A brief review of the methods used to Qttempt calculations éf
it will be presented below.,

It should be péinted out that any theqry involving superexchange is

only applicable to systems in which the magnetic ions are isolated or

‘dilute. Typically, these compounds. are electrical insulatoré'or'sdmi-.

cénducﬁoré rather.fian'coﬁductors._The'primary.requifem§pt deférmining
this isolati#n_is that thé zeroth—ordér wavefnnctibns describing'the
exchange propertiés may be correctly chosen as those of the.nqnjinter-
acting magnetic ions Qf the compound. This is referred to as the 1oca1-
ized electron appoximation and has been shown to be ;alid fér the sys-

" tems of interest in thié thesis. For a more extensive discussion of_this

criterion the reader .is referred to the ‘excellent article bf'Ahdéf-

son(15)

Before proceedingla second caveat should be mentioned with fegard

to the correctness of using a ﬂéisenbérg Hamiltonian vhen discussing.’

transition metal coﬁpounds. For almost all copper systems the use of

Eqn. 1.1 is justified égd it appears to accurately represent the pheno-

menological interaction. Howevgr, that equation is not sufficient to

understand the behavior of other iron series ions. In particular, for

cobalt and nickel additional terms must be included in the Hamiltonian

to appropriately model the magnetic intera#tion. The interested reader

is referred to the detailéd'disenésiqn of this subject by-Wolf(16)-for.

further information.




is
?ith those remarks in mind, it is nseful to retnrnlto the Heisen-
beng’ﬂamiltonian of Eqn..1.1 and to rewrite it in a more general fash--
ien: | o |
_ —E_u'% P | (1.3)
. With the exchange 1n this form a number of traits are 1mmed1ate1y appa-
,rent. For example; if J can be diagonalized by some transformation, ie.
> - .
if J is symmetric, then the anisotropies become ohviou&.l is considered
S N - : -

isotropic and 3D if all Jii

are eqnalt Fon the diagonalized case it ts
often convenient to fuither revrite H as
H‘~32(aszsz+b(sxsx+sysy))

vhere we are assuming onlybihe nearest—neaghbor interactions are s:gn1—
:fxcant. Notice that for a= b we have’ the 1sotropxe 3D case nhich as
already mentioned is uaually called the Begsenberg model. If a=1 and b=0
then we obtain the 1D or Ising modelt.the nodet Qith.the maximum spin
'anisotropy. Conversely. if b=1 and a=0 the mcdel is 2D and.it is called
X-Y (or planaf‘Beisenberg if‘the apins are ;eetrieted te lie only in the
plane). - | | |

Finally, if J 1s.not.symmetr1c a fnrther 1nteraetxon may be impor-
tant and approprzately enough it is called the antxsymmetrxc exchange.
Dzyaloshxnsky(17) fxrst suggested that th1s term could be. included in-.
the Ham;ltonxan and 1t was later shown.by Morxya(18) that it could be
explicttly,written as gigixgjoIhis tern.is dlso sometimes called the

._D-M.term or the 'S cross S’ interaction. In real compounds it will be
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inportant only if the crystal symmetry is such that a center of inver-
sion does not exist and if there is appreciable spin-orbit coupling.

(ID}/J=Ag/g)




CHAPTER II. EQUIPMENT ,

The eéuipment usea to obﬁain the data reported in Chapt?r IIX qa&
-be separated into four distinct components; the mégnetpméter which
measures the magnetic -moment §f thé samples; temperature measurement and
control device;; a variable temperature liquid helium cryostat:; and the
magnet used to apply the variable magnétié field.

A Pginceton Appiiqd Research FM-1 vibrating sample magnetometer was
used fo measure the sample magnetizations as a funétiOn of bofh applied
field and temperature. The FM-1 has a rotating head which allows accu~
rate anglq dependént measurements to be made omn the ﬁnisotfopic single
cryst#ls used..Its theory of operations is based 6n the technique first'
suggested by Foner(lg)..Basically, the sample aftached to the end of a
16ng rod is vibrated vgrtic#lly,ﬁetween'a set of coils by an.audio coil
(speaker) at 82 hertz. The magnetization of the sample induces a voitage
in tﬁése coils and that voltage is then méasured. To give'iﬂcreased
sensitivity tﬁe induced ac 'voltage is ﬁeasured by a phase sensitive
~ detector and the dc vo}fage output of the detector‘is then proportional
to the magnetization of the sample.
| lCalibration of the magnetometer wasigccoﬁplished in fwo ways.
First. a high purity single crystal of Man weighing 147.8 mg(zq) was
used.at room tgmperature'to determine the calibration of ?he FM-1, This

sample was used before each cool-down of the system as it was found that
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.the caiibfation,chahged by A_few percent betwéen runs. In calibration
_runs o;er m;ny days %t was found thét.the rel;tive accuracy of the
magnetomeéer was on tﬁe order of + 3%.‘Ab§dlute.accuracy.may be a factor
of two ﬁorsq‘thinfthat; |

Second, a.powdergd samplé‘of 99%Apprg.(Nﬂ4)2Mn(SO4)2'6ﬁ20 was uséd_,
to dﬂeﬁk the linearit& of fhe‘maghetometer;f:omlliquid helium‘£empera:
tures to near 100 k; A; higher tempe;atureg the signal was foo small to
be measured. Singe ammonium mangahese sﬁlfate is a Curie—-law paramagnet
until wgl}'below 4K, 1oqkin§'at,llx vs. T for it is a sensiti;e test of
the fineqritylof the m;chiﬁe. | :

The Andonian Dewar used as the variable tempeiatu;e cryostat was
manufactured spécifically té couple to t#e PAR FM-1. A coﬁbination of a
variable current heate¥ mounted below thg ;ample area and.gn adjﬁstable
gaseous flow rate allqws'continuous and aﬁfomatic temperature contfol
from 4.05K up to room temperature, Also. the tail ;éction of the cryo-
stat is designed to fié inside the FM-1 pick;up coils which in turn sit.
-on the pole faces of¢a maénet. The cryog?nic liquid capacity of th;'
dewar is approximateliy 1.5 liters which a}lows runs of up to 12 hours
- per transfer. (The cr}g§tat is a metal desién with nitrogen éhielding of :
the inner cryogén yelL.Both liquid helium and liquid nitrogep may be
used as the'c;yogen; Alsingfe vacuum §§acé surroun&s 50t£ the nitrogen‘
jacket and the_;nner.ﬁell. The sample rod.bf thé FH-1 rﬁns through thg.

center of the dewar into a vacuum isolated tail. A small capillﬁry
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.carries the cryogen té the tail fbr cooling of the sgmple’aﬁ the cold
gas 'blows by’.)

Temper;t;fe measufément and control Qere pccompiished by gqo indé—_
pendent'sysfems. The controi circuit'consiéts of a Lake Shore Cryotro-
nics Modei CSC—406 Cryggenic‘Cappcitancé Céqtroller in conjunction with
a Lake.Shore Cryotrﬁnics Model CSé—400‘capacitance sensor agd.a:10 ohm
nichrome ﬁeater located around the sample area. The confrolier ﬁses
linear, differéntial; and integfal feedgack‘to maintain the fempe;ature
(capacitance) at the set point. For tﬁe sagple ;izés ve used and_éith
liquid helium as the cryogen, the Qtability:of'the temperature could be
maintained to better than + 0,005K for temperature§ between 4 and'?OK
and. better than +0.01K between 20 and 40K;‘Above‘that téﬁperafgre sta-:
bility'decreaéed but-qu never less than .1K‘on€e equilibrium Qgs estab—’.

. lished. fhe pféblem with the higher temper;tures is not so much’one of
control but.of the la?ge times necessa?& for the system to come to
equilibrium aftei'a new iemperaturé is set. For low tempqratufes the
time lag was on the order of a few seconds whereas at 100X it was éloser

jto 30'mihutesf . |
The ;émﬁerature ;as found by‘ﬁéasurﬁng the voltag? dfop across

(21) (22) e

either a gallium arsenide diode or a éarbqn glass resistor .

voltage was measured by a Northrop K-5 potehtiqmeter'in a circuit in
‘which the polarity could be reversed to average out any thermocouple-

like emf’s., The K-5 has the capability to measure as little as 0.2puv.
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The excitation current for the sensors was applied by a Lake Shore
Cryotrlonics CCS—EXB ‘Cons’tant Current Sonree vhich is: stable to +0.005%.
" The temperatnre resolution of the gallium'arsenidevdiode vas 0.05K in
the low T region decreas1ng to 1K or worse above 100K, It was calibrated
in sxtn against a Screntrfxc Instruments. Inc. Model N2G Calxbrated"
Germanrum Resistance thermometer prior to the data runs. Reproducibility
vas better thanlz% The carbon glass resxstor was useo for the last
three~fourths of the‘data,runs and gave_mueh 1mproved'accuracy'and
reproducibilltya It was pnrchased with callbration as a seconoary stan~
dard. It has a resolution of better than 0.00IK from 4 to:12K, lLOl from '
12'to.3OK and no worse thanVO.SK at room temperaturet Reprodueibility :
also was'excellent with the maaimom deviation in repeated eyelings to
liquid hel inm' temteraﬁtures'being no more.than 0.0S.K. Besides the out- .
standing measurement:characteristics the.primary reason for using a .
carhon glass resistor (and to.a lesser extent the‘gallium arsenide
diode) is that‘itﬂisfnot affected by application of.largevmagnetie

fields. B |
A Varian Model 3400 Electromagnet with 8 ‘inch pole faces and a 2.5
.._inch gap was used to proﬁide a variable field up to 9500 Oe. (For one
-set ofidata a Varian 3800 Eleetromagnet vas useo to provide a field up
to 23, 000 Oc thanks to the courtesey,of Frofessor Hugo Schmidt.) The
magnet was controlled by a- Varnan Fielddial Controller and was found to

be stable to better than 0 01 Oe. The magnet was cal1brated usxng stan—l
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dard NMR techniques t; bettef ihan.l% in the range from 1000 to 5000
Oe. Below and above that a rough galibration using a paramagnetic sub-
stance in the magnetometer showed that the galibration was accurate to
at least 2% in the remaining range ff&m ioobto-QSOO Oe.

A simple schemafic diagram of the entire system is shown in Figure
1. The cfyOStaf, magnet a#d magnetomefer are outlined in blac?-whii; the
temferatur; meaéurement and control cir?uité are given in red; The inset
is an expanded view of the éample region igéluding the location of thé

sample, -the .heater, and the various sensors.
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FIGURE 1.

Schematic of the experimental equipment. The four major
components are indicated by diffegeﬁt colors:

AWk THEHTAQ® >

e BR MO O O

Black -- magnet

Blue -~ vatxable temperature cryostat
Green —— v1b;at1ng sample magnetometer

Red -~ temperature measurement and control

f; capacitance sensor leads
—- nichrome heater leads
-~ carbon glass resistor leads

‘== excitation current leads

— feedback and drive coil leads
-— pick-up coil leads )

-- vacuum space
-= nitrogen well
—-— helium reservior
--~ sample rod space

—— vacuum space

—~ inner tail wall -

-- quartz sample rod .

—— capillary :from helium reservior

-- capacitance sensor and carbon glass res1stor (lower)
—= sample area on plexiglass sample holder
~- nichrome heater windings

-- magnetometer pick-up coils

-- magnet pole face
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CHAPTER III. DATA AND DATA EVALUATION -

A, - CrystaI.Structuxe

The crystal structure of the series of compounds investigated in

" this thesiﬁ is basically that of a'metal—holide sqnare-planar'lattice

with planes seoarated by organic molecuies. The length of the organic
chains determines the interlayer distance. Table II gives the appro-
priate cell dimensions and space groups of the members of Cu?’+ series

2+ series for comparison.

and also for tﬁe Mn
Figure 2 shows a'diagram of the crystal structure of 1-2 ethanedi-

ammonium tetrachlorocuprate'(EDA).(NH3(CH2)nNH3Y CuCly with n=2(8‘23).

The structure for the remaining members of the series is very similar.

The copper ions sit in sites of distorted:octehddral coordination pro-

_ducod by the chloride%. Also, not clearly seen in this diagfah but as

was shown in Figu;e'O the layers are 'puckéred' in that each .octehedron

"is tilted with respect to its.neighbor along an axis out of the plane,

The organic diamine chains are hydrogen bonded_to the chlorides in the
'holes' of the squ&re_bianor netwoxk. The interlayef-separation is
increased by adding CHy"s to this chain,

remain

As cah.be seen in Table III, the intraloyer distances. L

'vnrtually the same for all members of each magnetic ion's series (The

2+

d1mensxons for the rolated Mn compounds are ngen for comparison)




TABLE_II.: A-comparison of the lattice parameters for the EDA CuCl, and MnCl, series..
The distances are in angstroms and the angles in degrees -

Compound Crystal Space

(NH; (CH,) NH;) XCi, System - Group i . Lo ¥ Ref.
n=2 . X=Cu  Momoclimic.  P2;/b 8.109 7.158 7.363°  92.37 2
. (EDA) ‘ L - -8.10 o ‘b
- L., -8.10  7.187 . 7.366 .. 92.46 e
B : o . - ?21/c 8.048 ° 7.319 7.108 91,6(=8) d
) X=Mn Monoclinic "P2,/b ©  8.609 7.130 7.192 92.69 - 2
n=3  X=Cu * Orthorhombic Pnma 7.200 18.246  7.451  ———ec’ e
{PDA) : ) : 17.88  eeee- b
" _ - 1.108 18.046  7.466  -———- d
’ " X=Mn Orthorhombic Imma 7.172 19.00 7.361.  ————- £
’ o 7.168 7.358 19.004 2 -—-—- g .
a=4 . X=Cu Monoclinic.  P2,/b  9.094 7.375 7.571 103.1 d
{(BDA) .. X=Mn Honoclinic PZI/m} 10.770 7.1717 7.307 ° 92.66 f
. _;ﬁfS-?_"XQCu . Momoclinic, . . 11,9 ... ) e b
(Pent DA) X=Mn Ottborhombic Imma . T.152 7.360 23.986 e 8
¢  This is the same crystal structure as above, just with différent.(htandard) notation.
a). K. Tichy, Y. BeneS, ¥W. Hdlg, and H. Arend, Acta, Cryst. B34, 2970 (1978).
b). H. von Kinel, Physica 96B, 167 (1979). ) .
¢). 6. B. Birrel and B. Zaslow, J. Inorg. Nucl. Chem. 34, 1751 (1972).
d). L. 0. Snively, J. E. Drumheller, and K. Emerson, Phys. Rev. B23, 1 (1981),

e). D.VW, Phelps, D.B. Losee, W.E, Hatfield, D.J. Hodgson, Inorg. Chen. ;g;_3141 (1976).
£f). R, D. Willett and E. F. Riedel, Chem. Phys. 8, 112 (1975). ‘ o :
g). H. Arend, K. Tichy, K. Baberschke, F. Rys, Solid St. Communications 18, 999 (197¢).
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FIGURE 2, a). Unit cell of: EDA:CuCl, showing the positions of the
' ions (except hydrogens). Large circles on the left indicate
approximate size of the C1~ anions. Some of the Cu-Cl bonds .
are included to help show the ’puckering’ of the layers.
b). Projection of the structure onto a plane to indicate
the assymetric Cu-Cl1 ‘bond lengths and to show the organic

chain locations. ' ' o




:
_fgi kg ]

Ghss to - oLl

ST




TABLE III. Intralayer, d

26

in’ and interlayer,

d

out’

Cu-Cu distances and

C1-C1 distances, dcy» for the EDA CuCily, and,the MnCl,

. series, All distances aré in units of angstroms.

dey 35 4.4

(NH3(CH2)nNH3) XCl4 n=2 n=3 ‘n=4 n=5
d; 5.20 5.22
Cu dout ) .8.19 9.03 9704 11.5
¢ .
di, | 5,18 5,17
Mn dout 8.61 9.5 ;0.8 12,0
5.7 6.9
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while the interlayer distances, @ increases in a smooth fashion with

out”’
one exception, The. interlayer separation is much smaller than would be
expected for BDA CuCl, (n=4). It is tﬁought(24’ that thé reason for- this
owes to a.buckling of the organic chain fd?'this compqupd while in all
‘the other members of:the“series the chain is nearly linear. This is
shown graphically in Figure 3. It is not understood why thi§ should
occur but i; is fortﬁnate because it alléws a distinction to be‘madé
ﬁetweeh the interl#yeﬁ exchange strength a; a-function of cation—catioﬁ

separation, d and as a function of the anion—anion distance, dCl“

out’

The impbrtant fehtqre of the EDA series structure is that the Cuz+

ionseip adjacent laye;s are arranged near@y abov? one another with the
out—of—piane C1™ formiﬁg dn.almost linear snpérgxchange phth as shown in
figure 4, Ihi; is the:oniy significant difference between this series
and the MAZ series. As w;s discﬁssed in Cﬁapter I, the adjacent layers
in that séries are shgfted diagonally a haif a cell spaéing as compared
to the layers in the EDA compounds thus dausing_the nearest-neighbor
out—of-plane Cu2+ ian to be two layers qpart.'(Neglecting the ’diago-
nal’ neighbors in‘the.next plane because they do.not interact magnet-—
icaily) The §tructure for the EDA series is called.ec;isped (ECL) while
the latter strﬁctﬁfe_is referred to as staggerred (STA). On the basis of
‘this distinction, it might have beeg gxpggted with 20-20 fo;eﬁight that
;he infe¥}ayer interaétion iq thé EﬁA seri;s would be greatly-enhanced

+

" as we have since shown,
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FIGURE 3. Schematic representation of the organic chain structures

for n=2, 3, and 4. The second diagram for n=4 is to
indicate a possible coiling of the chain in that compound.
Out-of-plane unit cell dimensions are given.
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(b)

(a)

FIGURE 4. Local chlorine environment for the first two members of the
EDA series, (a): n=2, (b): n=3, The circles represent the
van der Waals radii of the Cl1~ ions. Drawings are to scale.
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A variééion\on the EDA CuCl4 series was maﬁe Qith the'intent being
to ihcréas? the interlayer éxch;nge still_further. ft Qas ‘thought that
replacing the interlayer chlorides with bro@ide; would increasevthé out-
of-plane exchange because the Br~ ‘ion is a ia¥ger sﬁpp;dxchange anion.
‘ As will bq;seen later:in this Chgptét,'thét'goal‘was accompiished.At'-
present a partial strugtﬁral analysis has béen done and oﬂl} some of the
unit cell'dimeﬁsioqs,for EDA CuCizBrz hgveibeen found éo it has not yet
been confirmed that thg,brqmides do fill the ihterlayer sites. However,
it is known that the bromides do:take t#e inferlayei sites in MA,
CuC1,Br,? and in the related STA compound Rb, CiClyBry(26) ana since
the chemistry is simifﬁr betweén thes; series it is not unreasonable t;
eipect the bfomine; would fiil the same positions in the.EDA compounds.
Also; as will be shown in the next section, the susceptibilitj data seem

to support this assumption,

B. Expérimental Data

Before we look aﬁvthg experimen@éiadata it might be useful to
Briefly review maénetic sﬁsceptibility uhits because conside;able ﬁisun—_
derst;hding and éodfusion seem to sufround them. The gaﬁssian pnit of
magnetic moment.(pe£=unit volume) is egg/gguss which is eqpal to

3

gauss*cm” since itxéan be shown without.much difficuitthhat,
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3

gaus52=erg/cm . Thus the volume susceptibility or the susceptibility ﬁer

unit volume, X, has the units of ganss'cmsloefsted since X=M/H for dec
suceptibility (or)edM/dE for ac susceptibility). X is usually considered
to be dimensionless (ie; 1 gauss=1 oersted), however, it is customary to

" write X in terms of emu/cm3

3

thus éffectively'makingAthelému.equivalgnt

to cm3, The mass snsceptibility,k&, is obtained from X by'dividing by
the density so the dfmensions of X& are emu/g. Similarly, the molar
susceptibility is obtained by multiplying X by the ﬁ&lar volume so that

Xh has uﬁ;ts of ému/méle (or cm3/mole). Unfortunately there seems to be
no consisteng_use of units iﬂ the literature so it is sometimes diffi-

- cult to compare data £r$q different guthors. In fhis thesis the volume
suscgptibility, X. Iwill be used.

In the remainder of this séctiqn some of the dats taken on the EDA
series which illpsfraté the important féatures of the magnetic.suééepti-
bility and magnetizaton studies will be presented. For specific details
about the experimental conditions and results for EDA and BDA CuC14 the
reader is referred té fhé papers b& Snively, et al.(27'24).fhe results
for EDA CuClzBrz'Qill bé presented in this Chapte; in their entirety

' sincé they have not'yéf been publisﬁed elsewvhere.

‘Much about the magnetic behavi;r-of,tﬁe sample'can,be seen simply

byllooking”at the shapes of the various'kian of plots of the data. For

example, the shape of the X versus temperature (T) curve quickly points

out 2 number of intercs;ing features., First,. if a transition to long
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rangé ordef occurs it'will be seen as either a divergence of the data to
a saturation liﬁit (indigated by the data remaining constant as T de;
creases to zero) for a ferrdmagnetié transition,‘or a more or less s#arp
peak.in thé data fqr_gn antiferromagnetic'trénsition. In theJEDA series
all cémpodnds have a transition to antiferfomagnetic beh;vior at temper—
atures below SQK. The transition temperature, Tc(28) is usual;y defined
as the-spike in the specific heat curve.prever.~Fishef(29) has shown
that for the.antiferromagnetic case Tc is given by-fhe point of maximgm
slope of ‘Xg on the -lo;v‘ T side of the susceptibitlity peak (Xn;ax_)' Figure .
5 is ; plot of X vs. T fqr EDA CuC14; The data vere taken on a single

crystal and the 3 éurVes are for each crystallographic axis. The two

are the two X, showing the expected

upper sets of points below xmax

" ‘behavior of the bprpeﬁdiﬁuiq: susceptibiiiéy of an antiferromﬁgnet sélow '
Te.: The fact that fhe:curves do not coincide are because of different g—.
value; aléng thoﬁe.ﬁ#égias_wellras'anisbtropy in the exchange. The ;ef
of data that'decregse ;harply below T, are those of XW and igdicat; that

| ' .
the spins lie along that direction. the eaky axis, which is singled*out:
usually because of th; dipdle—dipole:interac;ion between the'spins. Foxr
an ideal-antiferroﬁagget the susceptibiiity shdula go to zero aloné the
easy axis (X») as ? ébes to zero for th; oﬁvioﬁs reason that all thé
spins are antialignedfﬁt T?O; This dog; th occur in this crystal p§s$i-

bly because it was twinned, a state Wh}ch_often exists in the EDA

structure(s). or possibly bgcahse of slight misalignment of the easy .
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error is approximately the size of the circles.
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axi; and the applied magnetic field.

Figure 6 shows anogher intefesfing feature of the susceptibilit&
curves. Notice the differgnc; in the shape of the BDA curve compared to
the EDA curve'nea; Tc. A much sharper peak occuré'for'BDA which is
" typicgl of a 2d fer;omagnet,'rhe decrease would be sharper on the low

temperature side of X also if this data were from a single crystal,

max
As will be discussed later, EDA is more nearly a 3d antiferromagnet at
all fempergture;. thué the more rounded appearance of the peak, (Be
careful with this nomenc¢lature, the possibility of confusion is great;
Remember, in reality a}l compounds become 3d in their behavior below TE
if they have one. Above_a_Tc all compounds behave‘aé‘paramagnets. In the
sense meant here, 2d refers to the fact that the exéhhnge couﬁling
between spins is equal in a plane. This is the same definition given in
_Chapter I but it is ﬁsaful to be reminded of it now.i The éd nafure of
EDA is reflected in thesé curves by the fact that X increases to X,
more gently and is mo;e spread out than it would be if it were a 2d
ferromagnet. For a completely 3d antiferromagnet such aé MnF2 the
susceptibility above txmax is nearly flat. Quantiiatively. [TCZmax)—
Tc]/'rc is'approxiﬁatgly 1%(30) for.a 2d ferromagnet whereas for 3d
compounds it is usually 5-15%. For 2d antiferromagnets it is on the
order of 50%. While it is not entirely clear from Figprg 6 the ratio for

EDA is approximately 18% and for BDA it is about 0.6%.

The temperature difference at which Tc 6qcurs is another feature
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which can be seen froq Figure 7. From mean field theory it can be shown
that Tc is proportional to the magnitu@e and sign of the eichange with
the near neighbors(31).For the EDA 'crystal structure if is expected
that T; should increase with increasing interplanar exchange. Figure 7
clearly shows that BDA should have less out—of-plane exchange than EDA,
One other related feature shown in both Figures 6 and 7 is the differ-
ence in the maximum value of X for the two compounds. Xﬁax is.much
larger for BDA but again this is easily understood. Even though a tran~
sitionlto'léng range order occurs ip EDA it does so at a much higher
temperature .and thus thermal effects areﬂgreater. The abiligy of the
spins to align is greatlylhindered by ;hei?.thermal motion. For this
.reaspﬁ the suceptibiliéy cannot be as lqrge.

: Aﬁother useful method for presenting the data that enhances the
differences in dimensionality is to plot C)XT vs. J/kT. (Note that J/k,
where k refers to Boltzman’s constant, is often used to express the
exchange energy since»the units are then those of T.) Figﬁres 8 and 9
show examples of this method of~1q6king'at the data. In Figure 8 the
data for EDA are plotted along with the calculated curves for the fol-
lowing models: a 3d simple cﬁbic compound, a 2d square-planar ferromag-
net, mean field, and twvo, square~planar feéromagnets with strong second
nearest—neighbor coupling. The shape of éhe curves are significﬁntly

different and quite clearly EDA is more nearly a 3d ahfiferromggnét.

Figure 9 is the BDA data along with a 2d square—planar ferromagnetic
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High temperature EDA data and series expansion results

plotted as C/XT vs. J/kT. J/kT =0.73. °*°°* , mean field
model] ) ==—e= , simple cubic model: — — — —, square
planar model: , second neighbor model for J/k=23.0K
and J'/k=-13.7k: —— - —— -, second neighbor model for

J/k=23.0K and J'/k=-23.0K.
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FIGURE 9. High temperature powdered BDA data and the calculated line
of a square planar model for J/k=13.0K. The circle size

approximates the uncertainty in the measurement.
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curve and for that cas;_the coincidence between data and theory is Qery
good indicating that.BDA is in fact a 2d fgrromégnet.

Finally, Figure 10 shows X/C vs. T for a powdered §amp1e of EDA
CuCl,Br, weighing 0.0§87g.(X7C is used to normalize the data fqr dif—
ferent %eights, for different g-valuqs. and for different spin v;1uesJ
With the above comments in mind there are a ﬁumber of general remarks
that can immediately be made. From the shapé of the curve both above and
bélowvxma;.'jt_woﬁld not appear that this compound is a 2d.ferr6magnet.
Also tﬁe high temperature at which Xmax occurs would indigafe that there
is relatively strong interplanar'coupliné. (Recall that Tc cannot be
found in the usual way from a powdered sample susceptibility measurement
because Xy ié.not knoﬁﬁd Both of the abov? observations séem to indi-
cate that the out~of-plane exchange is even stromger in this ﬁar£iaily
bromafed EDA samplelghan for the ;?traéhloro cbmpound. As'mQQtioned
earlier, this in fact was the result which.wa§ angicipated,and w;s the
primafy reason for in;estjgating this compound. Tﬁé é/XT vs. J/XT plot
of Figure 11 also shovws a shﬁpé reminisqent of those with strong 3@
coupling. (An interesting aside concerqing the shape of this curve is
thaf in some qualitative wa§5'it looks like that of a.-1d magnet, ie.,
the curve does not go below a value of C/XTQI.Q. As will be discussed
later in this Chapter, the resemblance ﬁay not be accidentai,) Quanti-
tative values for the intraplane an& intefplane exchang& wiilvbé"giVeﬁ

after a discussion of the fitting procedures.
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FIGURE 10. Reduced susceptibility vs. reduced temperature for EDA

CuClzBrz. Tc is approximately 45K.
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Another useful method of pregentingAthe data is that of'plotting
. the magnetization, M, versus the applied field H., This is a particul#rly
important technique when investigating the field dependent behavior of a
single crystal. (Recall that with a vibrating sample magnetometer the
quantity measured is always M. However, tﬁe'dc susceptibility is given
by X=M/H. In the cases wh‘ere Xis plotted .against T, His usually ﬁeld
fixed and M is simply scaled by.H to giveikd In Figure 12 a few iso-
therms of the M vs, H data for BDA are presented a;ong with a curve
showing what the magnetization would look like fof T=0. The data were
taken along the easy axis of the crystal. Because the spins in BDA align
anfiferromagneticglly Pelow Tc the magnetization would ideally femain
zero for all fields in that region. The sharp changes in M at Hgp and Hp
are indications tha£ ?hase transition; occur in thig compound. It is
beyond -the scope of this.thesis to discuss in any detail the vast theo¥y
qf phase transitions so it will have to sgffice to say that the region -
between HSF and Hp is a region of the spin-flop phase which occurs
because of‘aniéotropy in the cryétal. Thetantiferromagnetic phase is
below HSF and the usual paramagnetic phase'is above HP. The temperature
at which only the paramagnetic phase wbgld exist for all fields is
another way of describing the transition temperature. A plot of the
.criticai fields, HSF and Hp, vs. tempefature leads to a ;urve $uchnas
that shown in Figure 13 which is a phaée diagram in the H—T plane for

BDA. As will be shown in the the next sectidn; mean field'theory nsgd on
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Magnetization vs. applied field data of 3 isotherms for BDA
CuCl,. Solid line represents the ideal behavior at T=0.
Only some of the data points are shown for clarity.
o- 4,05K: A- 5.75K: o- 8.00K. The data were taken along the

easy-axis.




(k Oe)

FIGURE 13,

45

T i i i 2 ! I 1] 1 § | 1
o - H (spin-flop)
A—H;
a- H;

o-Hj

Critical field vs. temperature phase diagram. O~ easy-axis
spin-flop fields: o - easy-axis flop~to-paramagnetic fields:
0« next-easy-axis antiferromagntic-to-para fields: 0 - out-
of-plane antiferromagnetic-to-para fields. Lines through
the data are aids to the eye only.
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the Aata from the phaée diagram provides éidéfferent'methqd'for caié&i ’
lating the_e?éﬁang;'strqngths,'

| - Beféfe going on to a discussion of ways to eQaluate tﬁe data, one
otyer standardfmethod'of presenting susceptibility.data shouid be meﬁ— .
tioned. Oftep a plot of 1/X vs. T is used té investigate tﬁe Curie-Wei;s
' bqﬂaviof of a bompound; This techniquelis particularly uﬁéfﬁl'if‘the g-
value of a sﬁmple is éot known since the élobe of the high'téﬁperature
portion of tye'line is proportional to 1/g%. (We did not use this'method
) si;ce we have‘the epr equipmeﬁt necessary to‘find 3 directl&JiAiso, thé‘
1/X curve cgh be used to find a rough es£imate of the exchange energy
since J is‘;eiated:to ?he T-axis intercept of a line'dfgﬁh through the_

© . high temperature data,

'C. Data Evaluation

Twé standard methods for determining the exchang; constant from
susceptibility ana maénetization‘dmta will be briefly outlined heié'
because they:wgrq tﬁe methods used ;o evaLiate the datsa pre;ented ear—
lie¥. Fitting.to,high’femperature series éxpan;ions (HfSE) is one of the
" most éommon and widély used techniques and is particularly ﬁs?fulffor

coﬁpounds.whiqh déviaié_from paramagnetic behavior at temperatures not

toQ near their transition. Another method which in some cases is more
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useful is ;hat of using mean field calculations to look at the behavior
of critical fields. |

A bfief feview of thermodynamics aqd statistical mechanics is
hglpful to outline th? developﬁent of a HTSE. Recall that is given by

X=(x1/V) 58z (1n 2)
where Z is the pa:tition function and can be written as
Z=exp(-TrB/kT).
H refers to the magnetic field and H (boldface) represents the Hamil-
tonian of the model chosen, which typically takes one of the forms of
_ Eqn.]uS..The exponent may be expanded in a power semie; if the energy
associated with H is small compared with kT, hence the name higﬁ temper-
ature series expansiog. However, it is somewhat more involved than just
that, A second expansion must be dome for ln Z , but, a major simplifi-
cation occurs when it is realized that X (or M) is an extensive quantity
and thus must depend only upon N, the number of magnetic ions in the
system, and not N2, N3, or higher powers. This allows many terms in the
ekpansion to be thrown away ;mmediatel? leaQing something that looks .
like,
In Z/N=.1-EN/kT+EN2/2!(kT)‘-°"°°'

where EN is the energy associated,with B and refers to tﬁe cérrect
'configurational' energy. This is the point at whicﬁ the various po;si—
bié dimensionalitiqs of the system affect the resulg since .the choice of

H affects both Ey and the way the sums are done. Also, the crystal
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§tructufe is involved because it détermi?es»the number of’neigibofs”
. as§bciatgd_with thé iht?réction.ﬁnliﬁportant point to ﬁbte i§ thaf'ﬂ
m;st include the Zeema;“tgrm, uﬁgzﬂ“si;‘otherWise thefé:wouldxﬁe‘nUJ
dependence upon H, thus no X! 1 '

. Without discussing thé details of this-cﬁlculation explicitl&. it-
is sufficient to recog#ize that the form of a'HTSEllookszlike, |

XT/C=Yy2n ()

in

where the a contain the structural and model information,pnd Ii is the

n
J o

exéhange energy along.some given directiqn.'The’Ii are the parameters
whiéh'age varied to achieve a fit of the experimeﬁtal data. The number -
of te:mé'ﬁhich_haVe been'cgigulated'depends on the model choseg-witﬁ the
’.'fiti gxfending ;losef t; fc as more térmé.a?e included.‘FOtvmoré qéj )
tails about HTSE's, the inte?ested reader is r;ferréd to:the wﬁrk of
,stanley(sz). N

The HTSE used to generate fhe curves shown with the data was of a
general nﬁthre'so that mahy &iffetent models could be used to attemft to
fit the data(ss). Because it was thought that the main exchange inter-
action would oéchr in the pianes, the model.péfaﬁeters used'enhance the
deviafion frém squar;-planar.éehavior..Thehexfdnsidn incfudes th&sé for:
aAsquﬁfe?planar-lhttide (10 terms knowﬁ)(34), var;oué §eoand;neighbor

(37). and DzyaloéhinskY'MOfiY@(ss)'

models (5 terms)(33/38)  anisotropic
.An example of an explicit form of the HISE for an eclipsed modél with

first— and‘secénd—neigﬁbor terms‘inéludéd fs given in Table IV. It can




Table IV. High temperature series expansion for the ECL model. The lower equations show how
the expansion parameter © and £ are combined to find J and J' for this model.

Eclipsed Model

' 2 3 - a4 :
X =9-& (e + 1.5e2) -% @2 (e + 282 + £3) + 2 93 (1-2.4e + 662 + 36e3 + 37.6¢e%).
: c T T 192 T
°)
=35 (1 +¢)
J' = - 0¢
€ = - 1: ferromagnetic chain
£ = -'%: simple cubic ferromagnet
€ =+ 1: simple cubic antiferromagnet (planes of
alternating spins)

€ = 0.424
for EDA

6 = 32.3

6%
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be‘seen that if.s=0 this expansion woula rep;esent a squére—plané¥
interaction and in fact if reduces to ghat of Baker, et a1}34). Thq
exact form of tﬁe ekpansion and the definition of ®and ¢ in termé of J
and J° is different for each modei. Appendix A contains thé complete
list of gll the expansions used and the appropriate defjnitgons for ©
and ¢. Since there are only 5 terms in the above series (a leading ferm
of 1 is suppressed by fhe'use-of InXT/C ins£ead of just ﬁT/C) the
_expansion is yalid only to within approgi‘mately'T=2Tc of Tc. The fact
that there is coinci@éncé between the calculated curves and the data‘in
Figures 8 and 9 belowAthat temperature is inferesting but probably only
fortuitous. .
‘Two methods were psed.to obtain best fit values for J ana Jﬂ The
' .fi;st involved a least squares fitting pr;cedure in‘which tﬁe coeffi-
cient; of théis;ries were-generated by a yest fit fo the.déta an& then
were compared to coefficients calculated frém,the éxpansion models using
the F diStributiéﬁ tést. ﬁy finding values of J an J' which could not be
rejected at,the 99% coﬂfidence level, reasogably good agreement with the
dat#-was found; The computer program used to do the fitting is printed
ig Appendix B, ‘ |
The second method basically inyolvad'a *plot and see’ approach in
'which the various curves"could be plotted'along.with the data ané the
parameters of the exfansion models could be édjusted to find an ’eye-

ball’ fit. The graphics program developed for this (also given in Appen—
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dix B) allowed bogh the data and the calculated curves to be displayed
in any of the ihree ways mentioned earlier, X/Cvs. T, C/X vs. T, or
C/XT vs. J/kT, which helped in separatiné accidental fits from those
which appeared to be more rea}istic. Thi; also enabled a qualitative
study of just what ﬁappens when the various parameters are varied over
physically possible ranges, |

| Table V shows the derived values for J and J' for all the investi~
gate& members of the EDA series including those given by other  authors.
The value listed for fDA (n=3) as our value was obtained by using the

(39

HTSE already presented on the data given by Phelps, et al, since
they apparently did not investigate the possibility of interplane ex-
change, The 2d fit they gave appears reasonable, however, when the f
test statistics were applied to their data it was found that the 2d
(J*=0) fit could be rejected at the 99% confidence level whereas the

1(40) obtained an identical

v#lues we derived could not. Since von Kine
result to ours for PDA using a différent-féchniqﬁe, and the epr line-
width analysis by Kité(41) indicates at least some 3d behﬁvior, we have
used our value for J' ;n the discussion in Chapter V.

A mean field calculation was necessary to determine J' for BDA,
This was because of the very small value of the interlayer exchange
which was too low to be distinguished from a strictly 2d model with our

HTSE. The molecular field method differs from the HTSE technique in that

it uses the values of various critical fields near or below the transi-
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TABLE V. The magnetic properties of the_-EDA CuC14 series and of EDA
CnClZBrz. The exchange and temperature values are in units of

degrees Kelvin'while the fields are in unifs of oersteds.

f, _' ¢ in gout '

(NH3(CHy) NHg) CuCl Br, T, Ik 3% H) HQ Ref..
n=2 x=2 y=2 45 15 -31 - _This work
n=2 xz=4 y=0 31.5  23.0  -13.7 : a.
34.0 20 12 140 2000 bl
n=3 x=4 y=0 - o 20 2 ' c.
14,9 16.5 -1.6 170 4700 b.

13.5  15.4 0 C d.

n=4 x=4 y=0 © 8.85 13.0  -0.15 200 2050 - e.

=5 x=4 y=0 7.6 14.1  =0.04 31 - 1400 b.

a. L. O. Sni\lrely, P, L. Seifert, K. Emerson, and J. E. Drumheller, Phys.
Rev. B20, 2101 (1979).
b. H. von. Kinel, Phys1ca 96B, 167 (1979)
c. Approx1mate values using our ECL HTSE on. ‘the data of ref. d.
d. D, W, Phelps, D. B. Losee, ¥. E. Hatf1e1\d, and D, J. Hodgson, Inorg.
" Chem. 15, 3147 (1976).
e. L.O, Snxvely, K. Emerson.andLLE.Drnmheller,Phys Rev., in'press.
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tion temperature rather than high temperature susceptibility data. Con-
versly, the reasoﬁ a mean fielﬂ‘calculation was not done for EDA was
because we could not generate sﬁfficiently large maénetic fields to be
able to detect the critical values. (The values for the critical fields
increase with increasing exchange as will be seen. Von Kﬁne1‘40)used
this method to find.the values referenced to him in Table VJ'The'
question arises of Eompa;ing fhe results obtained from:tﬁp different
temperature regimés. However, as_indicate& above and as may be séen in
Table V, the values found by the two methods for EDA aﬂd PDA agree to
within experimental error. Therefore,'while it may not be appropriaie to
compare_ such resulfs in all casés, the evidence suggests thit it is
satisfacgory to dq so for thé EDA series.

The equations used to determine the various critical fields at T=0

are obtained by minimizing the free energy of classical spin vectors in

an ;pplied magnetic field. After de Jongh(SO) we may‘write;

| (12)2=2m}"rin-(min)2 | (3.2)
Hj=2H F-3" - o (3.3)
HB=ZK;?+H§“ : : | (3.4)
HE=2HOUEMQEE | (3.5)

where a ‘denotes the easy—axis, b the other in-plane axis;'and ¢ the out-
of-plane axis. The subscripts SF and P refer to the spin-flop and para-
magnetic transitions respectively. H;f and HA refer. to the in- and out-

of-plane antiferromagnetic and anisotropy effective fields depending on
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the superscript. A simple molecular field model'relates.the-effective
field, Hyp, to J' by HyP=2z11'iS/g; g and H3§'= 2215 |S/goutuB where z
is the number of nearest neighbors and S is the spin quantum number. The
'cr1t1ca1 fields at T-O are est1mated from a phase d1agram such as‘Fxgure_
13 and then Eqns. 3 2 through ‘3.5 are solved to find Haf and Hy, wh1ch
in turn determines Jh

A second approach can be used to check these valuesAstarting with
the molecular field eroressions.

X=X3(1+H, /20, )7
and
Xl—ngBS/2H

where Xl denotes the perpend1cu1ar suscept1b111ty.corrected for aniso-—
_tropy-effects. The values for X,(T=0) are est1mated from the X vs. T
plots such as f1gure 5. The details of both this and the cr1t1ca1 f1e1d

1,20

‘calculations for BDA are g1ven by Sn1ve1y. et a elsewhere.

Recall1ng the-dascuss1on of the qualatative features of the.mixed
halide.data from earlier in the Chapter.'the results of the analysis-of
the EDA CuCIZBrZ data!will‘nQW'be presentedﬂ Various HTSE;s were used to
attempt to fit the powdered sample datamUnfortunately,-sufficiently
good, large single crystals have not yet been available to do single
~crystal measurements. The best fit of the data occurred for the values

of J= 15K+1K and J’——31K+1K Because of the very high transxt1on tempera—A

‘ture wh1ch can only be estimated to be near 45K (again becanse of the
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powdered'sample),Zthe'data used to fit ‘to the expansion were also takem .
at temperatures at which large errors occur in the magnetization meas-

urements. (Recall that the series expansion for 5 terms is typically -

only-valid to a temperature of approx1mate1y 2T .) Nevertheless. the

-values given from the ECL model were the only ones which could not be.

‘-reJected at the 99% conf1dence level of the F. test F1gure 14 is a plot

“of the data of F1gure 11 w1th the best fit curve drawn through it.
Again, surpr1s1ngly. the agreement is much better than would be expected
for temperatures well below 2T,.. | |

Besides the large'experimental error involved in these data, anoth-
er question is raised in the analysisa:As stated-earlier the.expansions

used were based on'the concept that .the compounds had.predominantly

'square-planar'behavior. The parameter used to measure the deviations was -
: . » N § \ .

not designed .to be large. However, as can be seen from the values for J

and J', EDA CuCl,Br, appears to be in some .sense a strong 1d antiferro—

magnet with with weaker ferromagnetic planar coupling between 'chains’,

It is not ent1re1y clear that our expan51ons are valid for th1s kind of

behavior. On the other hand, the value obtained for J is certaanly_

within the range expected for copper chloride planes. and as was d1s—
cussed prev1ously. the higher trans1t1on temperature found is 1nd1cat1ve
of stronger 1nterplanar coupling. This, along Wlth the fact that .the Br

ions are typically stronger superexchange anions than are Cl1~ ions,

supports the observed_increasc in  the out-of-plane'exchange.'With.this
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FIGURE 14. Inverse susceptibility vs. J/kT for EDA CuClzBrz. Solid
curve represents the ECL HTSE for J/k=15.0K and J'/k=
-31.0K.




evidence in'mind, we feel that the values given for J and J' are reason—

able.
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-CHAPTER IV. THEORY OF THE TWO-HALIDE SUPKREXCHANGE

A. History of Supérexchange Theory

‘.Before o@tlining the basic twﬁ—halide'calculgtionuit m;ght be
' helpful-tq brietly revieﬁ the various abproaches used to calculate thé
superexchangq.energy from first principles; For more than just a summar&
of this.complicated gnd‘st111 poo;ly un&erstood topic the reader is
referred to the ;omléte énd excellentvrev1ews by Anderson(15'42)'and,.
_for some ofithe more récent works, that by van Kalkeren ét a1}43).
Also, a short articlé by Newhan(44) Qetails the attempts at a priori-
calculations. The inteﬁt in this section is to onl& point out the impor-
?ant ditfferences of the major methods as:a preview of the two—halide
calculation presented }atef ip this Chaptef.

(11)

As stated in Chapter I, it was Kramers that first attemptedlto

do a calculation involving a ;uperexchange anion sepa;ating two magnetic
cations, He took as his basic unit a-three—?enter. four—electron cluster
wi;h 1 unpaired electroﬁ on each cation and two spin—-paired electrons on
the di;magnetic 1igand;He assumed th;t in zeroth order the wavetfunc-
tions could be taken as thosg of isoIéted, well separaﬁed ions, In the
nekt steﬁ he ého;e as his basis functions the correct orthonormalized

1inear combination of the'atomiq wavefunctions. Then a standard pertur—

bation calculation was done to determine the energies. The problem with
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this approach is that because of'the ofthogonal orb1ta1§ the supeiéil
changé intéraption does not appear ﬁntil third order. This is noi_only
c;mplicated bué-masks'the ;:ug exchangé eftécts because of.othef ﬁhre;
latéd férms which show ;é due to the high order of the galcuiation.An
imprbvement can be made on this as wiil-discuSsed later by using the
fﬁct.that the unperturbed wév;functions afe nét 6rthogoﬁ§1 so that the
intluence of fhe Qiamdgnetic ligand on thclparamagnetic_cations shows up
in first order. Because of theldittiéhltigs involved w1tn.the-caicu1a;
tion.of Kramers, onlg'qua11tgtive resultgfwere obtained. Later authdrs
have attempteé to correct some of tﬁe inconsiétanc;es of this basic
approach._mgst notably Keffer and Oguchi(45) and_Huang and Orbach(46%
and ﬁave fo; indi&idu#; compounds achieved relatively good results.

Andersoﬁ(47) hqs'taken.a diff;reﬁf apf;oach whicﬁ can be separated
into two steps invdl#ing the evalﬁatigﬂ of what are called the~poten-
tial- and the.kihetic—exchange. The f;rsé step rqquiies constructing the
localized Hartree—Fock wavefuﬁctions (Wanﬁier functions) for a m#gnetic
electron on one.cation in the field prodﬁced by all other ;ations and
ligand§ without considering exchange effe;ts bétwéen the magnetic élec-
trons. The sécond”step takes into account the.exchange setween'two
magnetic electrons on"d;tferent cations with the modit1éd‘wa§efuﬁctions.
This sephration of operations causes two t&pes of exchinge to shéw up,
one is_calied 'ionic’ or 'ﬁon—transter' and the other is thé ‘transfer’

_exchange. The tirst is just a conseQuence.of the Pauli principle and
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"because the Wannier functions are.orthogonal it favors parallel alignj
"ment of spins (potential exchange)..The tranéfer-exchange term favors
.antiﬁarallel spin alignment (kjnetic exchéngé). Thus one of the advan-
tages of Anderson’s method is that it involves a simple balancing of
opposite aligning tendencies. As he points out, for nonconduc;ing. ionic
solids the iarger supqrexchange inter;qtion is aimost always antiferro-
mqgnetic,ie.;fhe kinetic term dominates.This is opposed to the case
of direct eichange wh;re. according. to Anderson’s theory the potential
term dominates thus.giving ferromagnetic alignmént. The problem, how=-
ever, is that the complete use of this theory is never possible becﬁuses
;flthe complexities of‘calculatiné the Wannier functions.’Thereforq, in
pracfice importhnt terms aré left out which cause the results to be
'qnsatisfactory.' |

A,numﬁer of semi-empirical rules have been developed which are
based at-least partiélly on the suggestiéns in the‘original paper by

(48) on superexchange. The most successful of these are those

(49,50,51)

Anderson

referred to as the Kanamori-Goodehoughirules . These rules
suggeﬁt the sign and thelfelative magnitud; of . the exchange depending on
the'physical_orientation of the magnetic o;bitals ofhthe cations and the
orbitals of the ligands. While these rgles have enjoyed reasonable
_succesé for the mgjoiity of the 3& shellfions they do not give a good

quantitative ektimatéifor4th9 strength of the exchaﬁge;

Recently, two groups have independently developed a technique for
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calcu;ating superexchénge.magnitudes. which while baséd on the approééh
. of_Kramers.'givp much better results withlless complicated'caiculatiéns.
:The di§cussion'in this Chapter willlbe bgsed on and take; from that of
Jansen and his cqworkers(SZ) because of.fheir emphasis on:insﬁlating.
Cu2+—1ike (unfilled 34 orbitéls)-compouﬁds. However, Mgtsen and his
-group(ss) have developed nearly the samq'fhrmglism.

As with‘Kramers. fhe basic unit uSedvgy Jansen is the three-center,
four—electron clustér‘witﬁ tpe ieroth—ordg; wavefuﬁctions being those of
the individual isolated ions. By choosing ‘correctly syametrized but not'
orthogonal basis functions the exchange:interaction shows ﬁp in the
first order of.d RayleighfSchrodihger ﬁerturbation calculation, Their
technique:autsmat?cgily includes not oﬁlyfthe superexchange between the

~cation electrons'thgough the diamagﬁetip ligand but also the'direct
,excha#ge between catiéns. It may further‘include the indirect exchange
bétween magﬁetig elcétréps on the cation:with-the valence shell elec—
trons of that cafion_and‘then the valencé shell-valence shell direct
eichange between ;éighboring cations. Thi§ last term has been shown to
be important in tﬁelexchange for 4f shéil cations(szc). For 3d sheil
iéns theif work has indicatéd'that the indirect valence shell exchange
is not important nor ‘is it necessary to include terms in the bef;urba-
tion expansion highe:‘than first order.

This method has been shown tb have wide applicability for many

different cations and has successfully prédicted'the‘magnitude of the

4
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supefexchange interadtion better than any previous.theory; (For a com-
élete list of its applications se; refgrqnce 12 in reference 43 of this
thesis.) Of paf;iculgr imfortance to the work reported herein are the

(54).which détail the results of a linear

results of dé:Jongh and Block
M-X-M superexchange configuration calculation where M=Mn2+; C02+, Ni2+,
and Cu2+ and X=F" and.CI". Using the technique of Jansen they were able
to obtain not only the experimentally k#own cation-cation distance
dependence of the sgp;rexchange and the @orrect ratio of the eichange
strengths between'the various cations, but:also. fhey accurately repro-

duced the known values for the superexchange interaction within a few

percent £of many compounds which have the above configuration.

B. The Two-Halide Superexchange Calculation

Basically, the approach is to use a Rayleigh-Schrodinger exchange

perturbation technique on an appropriate cluster of magnetic and diamag-

netic ions. The zeroth-order wavefunctions are those of the isolated

ions and are represented'by‘ls Slater orbitals. Because these functionms
are not orthogonal, tﬂe exchange effect'ié seen in first order rather
than third order as in the approach of Kramers. This gréatly simplifies
the calculation ﬁhd.also'eliﬁinates some’éf the errors associated with

carrying the calculation to higher‘érders‘43). An effective electron
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model is used which ?Qralgo’?'major siﬁpl%ficatign.

.The maiﬁ a;sumpt;oﬁs on which this theory is.based ;ré:

1) The eichange iﬁteractiqn is assume@ito be weak so that a pertir—
b;tion-calgulation can be ‘used ﬁnd.fhe.unpertﬁrbed freé-ion wavefhpc—
:tions can be as;umed as the zerﬁth-order approiimation.'

2)‘Thé essential characteristics of the exchange are coﬁtéine& in
the permutation symmetry of thé Haﬁilton;an.wﬁile the spatial symmetries
are of lesser impo?fqgge. |

3) Thg ﬁagnetic'propertieé are not dependent on the number of
uﬁpéired electrons, so ldng'as there is at least one, but rather on the
'sfze'.éf the ions, This allows tﬁe replacement of the unpaired elec~
“trons . on the magnetic ion by a.single ‘effective’ eléctfon. Likewgse, on
the diamagﬂefic iigand a-spin%p;ir'of electrons represents tﬁe closgd
shell grbiiaIQ.The o;bital‘extension parameter of the Siater orbital
bartially reflects the number éf electrons by répresenting the size of
'the ions. | .

4) It is as#umed that the exchange interactons dre_of sufficiently
short rangé sucg that a small number of ions can be u;ed as a cluster to
represent the.ovérall interaction, This, along with assumption 3); form
-the basis of the ofteﬁ used three-center, four-electron model. For our
purposes we extend this to a four-center, four-electron model.

5) Finally, we assume for these compdénds that the exchange ;nter-

actions in one direction of the crystal do not influence the exchange in
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another direction.

With these assumptions in mind we start as usual for a Rayleigh-
Schrodinger perturbation calculation by dividing the total Hamiltonian,
H, into a zeroth-order part, Ho. and an interaction term, V., The poten-
tial term contains all interionic coulomb interactions including those
between electrons on different centers, the electrons on one center and

the nuclei of a different center, and the nucleus-nucleus interactions.

For the case of four electrons on four centers, V looks like:

Veor[ rygtry trygtry iy,

L TS T T TS T P PIACS PAss IR KR

bt TaztTaz' Tzt Tpy’ ]

where r;j means lltij for this equation.
a and b refer to the two magnetic ions each with one electron and z and
z' refer to the centers of the diamagnetic ligand which has a spin-pair

of electrons., Diagrammatically this looks like the following:

The numbers refer to the electrons. For the four-center case the ligand
is represented as as molecular orbital. The zeroth-order wavefunctions

corresponding to the isolated ions are given by the 1s Slater orbitals:
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a=(l3/ﬁ)1/2eXp(—Xra) - z=(u3/n)1(2qxp(-urz¥
b¥(k3/n)1/2§xp(—lrb) | -z'=(u3/ﬂ)1/2eip;—urz,)
‘yhere the ‘letters ﬁre as before. The molecular orbital (MO) of th;
diamgnetic‘liggnd is:£o¥med-in,one of th;eé ways in aﬂ efforg to stédy
the effects of the different combinations. The,tﬂfee MO”; are as fol~-

lows:

g{V<zr2 12(3) 427 (3)) *[2* (4) 227 (4)]
eDazk,  [2(3) 2! ()42 (3)z(4)]

g3 azr, [2(3)2(4) 42 (3) 2" ()]

where the ZK's refer to the appropriate normalizing factor for each. The
first MO is the usual formulation and both the bogding (+) and the
antibonding (-) orbitals were used. The second orbital is called the

‘covalent’ orbital because it stresses the sharing of the electrons- by

both of the,#uclei of the anions. The last{orbital listed is refered to

as }ionic' since it enhances the separation"of the two'ﬁhiSns. The
I4 . ’

orbitai e;tension'paraméters'l and u are determined from the self-

consistant field (SCF) calcualtions of {(r?> by Herman and Skillman‘5%

gnd the diamﬁgnetic susceptibilities of the closed and dpen'shells of

the ions. Thi; procedure is bqtlined more fully in Afbendix C. ;s Slater

orbitals were chosen because it has been shown that(56) higher order

orbitals yieidedvve:y similar results. Next, if we ignore initialiy‘the
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'e;chagge effects we can write the grdundstdte of the szsygiems as a
B simple product fupctioq of the isolated orbitals,
by =a(Db(2)E; , 4.
where i= 1, 2, or 3:Thkingjinto consiéération tﬁevPauli princi§1e fog
.the isdlated ions the groundstate_eige#functioﬁs becomé‘the simple
product functions times a spin function $,0- (¢ is an eigenfuhctiop §f
the spin operator 82 anq since H neglec#s-spin-dependent terms, 52
commutes with H and H,.) Because we have chosen 1s orbitais; 1is 0 }or
all ;uggystqﬁé. thu$ L. equal 0 and the_eigenfunction ¢%; is non—-de-
{generate.' | |
| hTﬁeléahlflﬁrinciﬁie requires that ghe-total wavefunctiﬁn‘of the
system be~antisyhmétric; Tﬁe groundstate éigehfnnctions cdn be psed to
form.tﬁié corrédtly sygmgttized basis state éy application of the anti-
symmetrizer of Eqn.4,5.ﬂow¢vgr. the.Hamiltonian is now no longer of
the same symmetry as the new bésis‘fﬁnctions.,This can b; corrected by
transforming the operators Eo and V intq pétmutation'inya:iant operapprs‘.“
by using the anti;ymmgfrizer and the éberator A which, when acting on
the‘pfojécted.eigeqfuégtons of Hy, Adyo, gjveé back the original ¢kc. A
‘ris given by the expression, |
| b= N% Elapnn'n"n"'..,..
Where,Pnnm'is a.permughtioﬁ ope¥§tor of the symmetric group Sy and e is
" the usual fundtioﬂ_which‘has_the yalﬁé +1 depending on whether an even

or odd number of permutations are made. Thus we have
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and
=29,
:This transformation is spectrum cdnserving which means that the pro~

jected éigenfunctions
Py, g=tPyo/ i olade> | C L (4.3)
which are now eigenfunctions of ﬁ. have the same eigenvaiues as the

_original eigenfunctions,b, o, of H.

' This then gives the first ofder interaction energy as o~
ESL)=cad ol AUAI A0 03 /<A o | Ao (4.4)

a formidhble’looking'equation. This can be simplified however to the
following expression which involves the singlet or triplet projection

pperator.PS'T:
. E&1)=<¢o'PS,TV'¢B>/<¢0!P3,T3¢%>» (4.5)

.The details of how to get from the Eqn. 4.9 to Eqn. 4.10 are given in
Appendix D. With this expression we can now calculate thé éxchange

energy. First, recall that for the magnetic case of one unpaired elec—
! . .
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tron per mggnectic ceﬁter-tﬁere canlanly be two possible spin states, a.
singlet ﬂS) and a triplet (T), for a dlustgr with only two catiqpsgA@
shown in Appendix D, P for these two'sth;es is:
| Bg= (I-Pyg-Py3-Py3 ) (I+P15)
Pp= (I-Py3-Py3)(I-Py,) |
wherg the igdividﬁal pérmutation'operators:have the usual ﬁeaning. ie.,’
i is-tﬁe,idehtigy permutation,. Py, exchanges elecfrons 1 and 2, and
P13’24 ex¢§anges eléctrons 1 an§ 3 thén.exchanges electrons 2 and 4,

etc, In first order then we have, from Eqn. 4.3
_ 2
2J= (1/n ) (Eq~Ex)

- .(J,'/nz')((‘bo|PSV|¢°>/<¢;|PSI¢O> = <o IPRYIG 1<, IPLlO ) . (4.6)

. i ) ' .
:rRedal}'tth'tﬁé zeroth—o;der energies.areéeunI. ie. Eg9)= (0) And that
i£ has been shownvth§£ first order theor; is_sufficient(ZSb'so).Also
notice.tﬁat n refers to the number of unpaired electrons on the magnetic
jons. This renormalizes thg calculation to the actual number of magnetic
electrons on thefcatioﬁs. |

The last équation allﬁws us to evaluate the exchange energy to
first order for a giveﬁ cluster. The gxplicit form of all of fhe indivi-
.duai integrals which a;pear in Eqn. 4.6 afg given in Appendix E; fhen

in‘Appendix'F the computer program used to-calculate J is printed. The
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results of these calculations using the three molecular orbitals given

earlier are presented and discussed in the next Chapter.




CHAPTER V. DISCUSSION AND CONCLUSIONS

Table VI-gives the important values for the-intrap}ane and‘the
interplane structural and exchange parametérs. Notice that the values of
J are all relatively constanf throughout the series, not varying by more
than about 16K; That amount of variation is somewhat larger than that-
found in the MA2 series and there is no sati;factory explanation of that
fact., It is not unreasonable to consider that there may be ;t least a
weak coupling between the intraplane and the interplhne exchange in
these compounds,. thus perﬂaps exélaihing the wider variation of the
intraplanar exchangé in the EDA series. More will be guggested later
about_how to inVestiggte this possibility.

A; has Seen mentioned, the interesting and at least initially
surprisiﬁg result of studying this series is fhe large interplane inter—
action found. The exchange éffectively goes from a 1d antiferromagnet to

a 3d antiferromagnet then to a 2d ferromagnet as first the anion is

" changed (Br~ to C17) and then the interlayer distance is increased. A

more useful method of viewing this for the CuC14 compounds is to compare
the natural logarithm of J' to the natural logarithm of the distance

between the iﬁterlayer copper ions , d as in Figure 15a, Exéept for

out’

* BDA a straight line may be drawn through the data with a slope of -16+2,

This value represents the first direct meﬁsuremedt of the linear two-
halide bridge and should be compared to the empirical suggestion.of de

Jongh et a1.(54:57) (pa¢ each additional superexchéngé anion will de-
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TABLE VI. Out—of-plane distances (A) and exchange values (K) for the EDA series.

(NH;(CH,) NH;) CuX  d,.  dgg T, Y/%g R=J'/J Ref.

n=2  X=Cl,Br,  8.3:0.1 3.7:0.I 45.0+4.0 15.0+1.0 =-2.1 - this work
n=2  X=Cl, 8.11 . 3.63  34.0£1.0 20.0+2.0 —0.3 to 1 a).
A 31.540.5 23.0+1.0 0.6 b
n=3  X=Cl, - 8.94  4.60  14.9+0.2 16.5 0.1 Ca).
' 9.12 13.5 15.4 o o.
-0.1 this work
n=4  X=Cl, 9.04 5.00  8.8540.1 13.041.0 =0.012 ay.
n=5  X=Cl,  11.540.4 6.610.4 7.60.2 14.1 -0.0028 a).

a). H. von Kanel, Physica 96B, 167 (1979).

b). L. 0. Snively, P. L. Sexfert, K. Emerson, and J. E Drumheller, Phys. Rev. BZO
2101 (1979).

c¢). D. W. Phelps, D. B. Losee, V. E. Hatfield, and D. 7. Hodgson} Inorg. Chem, 15,
3147 (1976). o o

d). L. O, Snively, J. E. Drumheller, and K. Emerson, Phys. Rev. B23, 1 (1981).

TL
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FIGURE 15. a). natural logarithm of Jexp VS natural logarithm of dyut
for the EDA CuCl, series. Slope of the line is -16+2.
b). In Ji o vs. 1ln dpy for the same series. Slope of the
line through the data is -10+2,




73
crease ;he magnitude of the single—halide interaction by:a factor of
10‘2. Thus, our result appears to requi;e a revi;ion of the estimate
that the exchange.through.a two apion ﬁhth goes as r-IZOIO;Z.Iﬁowevér,
it is not a matter of sihply redefining the comstant thﬁt,multiplies the

12

single anion exchange behavior of r since, as will be discussed, d

out
(The notation is not étandardizgd. dout‘and r refer to the same disfance
in this case.) may not be the approprigte distance to consider for two;
halide superexchange in‘the first place.. |

Strong evidence for this last statément is found from the failure
- of BDA to fall on the straight line through the data. As was seen in the
.structura; data, BDA does not haye an éxpectéd incfease iﬁ its inter~-
layer Aistance. We believe as mentioned earliet(24) fhét this is because
the organi; chain buckles. Regardless of the reason for that Buckling,
the question must be asked as to.why-thgvﬁagpetic interaction decreases
as though thé_separation were large;. ‘ |

One possible exﬁlanation is that thé exchange path in BDAIis not
eiactly linear beéausg of‘the‘13° shearing ‘of the adjaéent layers. There
is evidence from.thq superexchange calqulations of van Kalkeren et
a1}43) that the'exéhange dpes weaken iﬁ nonlinear exchange ﬁathsf
However, it would not be expected to deérease thg interaction by as
largé an amoﬁﬁt ag thé data shows it does..

A better explanation seems to be that ‘it is not the c#tion distance

that is critical to the strength of the §uperexchange but rather the
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halide—h#lide separation, dCl“ Figure 15b shows a plot similar to that
of 15a except théé fhe important distance is now the c1~-c1” spacing.,
Notice that all 4 data points lie nearly‘on a line indicating that in
fact it may be the anion—anioﬁ overlap that is the primary parameter

’

dictating the superexchange strength. Remember that even though the

2+ octehedra ietain their orientation with

layers shear~in BDA, the Cu
respect to the plane. Thus, dCl increases in this compound compared to
PDA whereas.d,, ., does not. Now, the fact that BDA shows only sligﬁtly
weaker exchange tﬁan its separation would indicate may be expléined by
its nonlinear exchange path as was suggested above.

Other authors have not totally ignoredlthe importgnce of the anion-

anion interaction. Von Kﬁne1(40)

presents one of the strongest sgate—
ments where he calls the overlap of the Cl™ anioms crucial to the
magnitude of the exchange for the EDA series. However, he basically
makes only that one comment. Evidence is given by Algra et alfss) th#t
the anion-anion overlﬁp is important in the Co~Ci-C1-Co path in Cs,Co
C14. However, that br;dée is far from being linear and.thus it intro-
duces considerable complications when trying to assign a.spécific path
to the exchange. Because of that they only make the claim thaf the
anion—anion overlap plays a role in the overall exchange interaction,
new quantitative es;imates for its strength were not presented. Algra et

a1f59) make a similar statement concerning the importance of the anion—

anion o§er1ap in the more nearly linear bath of Co~0-0-Co in the com—
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pound (C5HsNO)(Co(C104),y. Unfortunately, in neither case are they able
to-compare directly the effects of varying the anion-anion separ;tion as
we have doné. Also, van Kalkeren et aIJSZd) attempted ;6 calculate the
behav;or of manganége pyrites using a noﬁlinedr two-~halide bridge,
.although their efforts were not en;iréiy successful.

"One further concluéion which is tempting to'draw,.bht.prébably
erroneous, is that tﬁe superexchang; through a two—halide bridge can be
gtronger fhan i; is for a single-haiidé'bridge. The data from EDA
CuClzBrz seem to support this. However, it should be mentioned that the
ferromggnetic superexchange that occurs in‘the planes of the Cu2+ series

is somewhat misleading.Experimenta1(1'30) 1‘15'18'19)'

and theoretica
evidence‘abdund which show that 180° supe:exchange_interactions are_and '
should be antiferromggnetic.The fact th;t the coéper chloride layers
are ferromagpetic is a rare exception. Kugel and Khomskii(GO) have shown
that the ferromagnetic interacfion in those planes is due to the Jahn-
Teller distoftibn of the Cu-Cl bonds. Recall that this asymmetry wa;
'pictured in Figure 2. Without'fhe disﬁortioﬂ the expected &alue for J
would be on the order of ~200K(61)y |

ﬂNow we will tﬁfn bfiefly to tﬁe rqsuifs of the theoreti§a1 calcula-
tion of‘Chapt'er IV, It. vas anticipatgd be'fore the calculation was at—
tempted that the-appréach of using a four—center, four—e!ectron'modei

was not the best possible choice. However, considering the much greater

computational problems involved in doing fhe four-center, six—electron
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cluster it was thought wis?st to begin on a-moré modest scale. fable VII
.presgnts the results obtained from the model calculations along with the
extension parameters u;ed gnd the approp;ia‘e distances for EDA, PbA,
"PentDA, and for the mixed chloride-ﬁromidg EDA. Because the calculation
is only valid for a ;80° exchaﬁge path, j' was not.found for BDA sin;e
the bridge ié not suffiéientiyllinear. Clédfly. the results are com-
plgtély unacceptable for the usual molecuiar orbital and for the ‘cova-
lent’ orbital. Wﬁile‘a much more extensive inveétigation would be neces-—
sary to show this conclusively, it appears as though ﬁhis indicgtes that
the anions are not bonding to each other in any significant way. Thus,

(27) that the anions were

the suggestion made earlier by this author
beﬁaving as a.single supere;change anion dbes not.éeem té be sqpported,
by this simple theory. | |

As can also be seen in Table VIIX thé results fo; the iomic case are
not acceptable either #s far as the absolute values fof the exchang?;
~However, thi; 6rbita1 does reproduce the‘qualitative behavior of the
series, First, the magnitude of the exchange for the Br™ ion is larger
thgt that for:the Cl; ion by a ratio of 2.;:1. The rgtio for the mea-
sured values i; also 2.1:1. Second, the exchange does decrease' in going
through the series from EDA to PentDA as shown in Figure 16a." The format
is the same as the previous In-1n plot of the eichagge.values vs;
distaﬁces. The slope of thé line in Figurq 16a is appfoximateiyz-19‘

. which is relatively far from that found from the data for .the Cu?t-cu??
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TABLE VII. Experimental and calculated interplane superexchange values
for the EDA series compounds. - The orbital extension péramef

~ ters wused for the calculation were: A(Cu?%)=1.0 au™l,
p(Cl')=0,7.au-¥,-and n(Br~)=0.6 au™l, The four calculated
values for each compound correspond to the molecular orbi~-
tals: (1) a(1)b(1)[z(3)+z(4)] (two values for bonding (+) and
‘antibonding (-~)), (2) a(I)b(Z)[z(3)z'(4)tz'(3)z(4)],'and (3)
a(1)b(2)[2(3)z(4)+z'(3)z°(4)]. 1 au =.529 A, Distances are in

angstfoﬁs_and exchange constants are in degrees Kelvin.

, (NH3(CH2)nNH3)CFclery Sout dCl_ Jea1,/k j’a::xp./k

n=2 x=2 y=2 15,7 - 1.0.. (1) + -198 -31
- -288
(2) . +23
(3) -2.3

n=2 x=4 y=0 15.3 . 6.9 (1) + -176 -13.7
| : ' B & P
(2) -1m
(3) - -1.1

. n=3 x=4 .y=0 17.1 8.7 (1) + -195 -1.6
' - =205 :
©(2) =540
(3) -0.15.

n=5 x=4 y=0 . 21,0 12,5 (1) + -190 -0.04
~ S - =182
(2) -662
(3) ~0.003
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FIGURE 16. a). natural logarithm of J'cal. vs, natural logarithmof
d,yt for the EDA CuC14 series. Slope of the line is -19,

b). 1n J'cnl. vs. In do; for the same series. Slope of the
line through the points is -10.
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separation. Contrariwisg, the slope of the line thrdugh the data in

Figure 16b for the C1 -C1~ distance is approximately ~10 which is exact—

ly the sime as the value for the slope of the line for the experimental

data in Figure 15b, -10+2, Obviously, this analysis is not sufficient to

support the contention that the anion—anion overlap is the critical

parameter in the two—halide exchange. On thétothér'hané,if is an éﬁ-..
couraging inﬂication thatlperhaps the results fo; the ‘ionic’ orbital
offefs the promise th;t furthe: caicnlafions.with this Fechniq;e afe
warranted. |
With regard to that last statement one inferesting point to note
from fhe abdye calculations js that the orbital which gives the correét
qualifativé behaviour is also the ome which is'éiOSe;t to the concept of
a four-centgr. six—ele?tron.cluster. A simpleminded idea may be used fo
explain why that is tﬁe case. As mentioned in Chapter Iv the reason for
the name 'ionmic’ is because. that 6£bita1 in some sense ‘iocaljzes' béth o

electrons of the spin~pair on either one or the other anion, whereas,

"the remaining two orbitals enhance the ’sharing’ of the two electrons by

the anions, In the case of the four~center, six~electron cluster each
anion would be fepreéented by its own spiﬁ-pair of electrons, thus
making the separation of the two anions even more complete than is done.

by using the iomic orbital.
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B. Possible Future Research

- The work which has been presented in this thesis suggests a number
of possible directions for.futﬁre f?séarch. One of the m;in areas of'
reseagcﬁ needed is not related-to the bhysics of the tqo;halide interac—
tion but rather to the more completg determination of the crystal struc-
ture of the mixed halide series compound;. When the strucfures are known
bettéf the magpetics of the mixed series will ﬁresumahly lead to another
set of data.wiﬁh whigh the ‘statistics’ of the present resuits can be
improved dpqg simply because of additional data poinfs.

Hoﬁe?é;. as hjnted at p:evidus;y'in this Cﬁapter. a more inter-
esting and possibly‘u§efp1 study involving both the mixed'sefies and fhe
related fully bromateh series. might'be that of un@erst;nding the coup-
ling which ma& or may ﬁot bcqur between the intralayer an& the intef—
layef-exchange interactions. Extending th; measurements already made to
include these two series would give a wide range of exchange ratios with

which to look at the gffécts of any coupling between the two exchange: -

directions using a ‘one parameter’ at a time approach.

Another interesting problem has recently presented itself with the

synthesis of the isostructural compound, EDA NiCl,, by Skaruup and
(62)

" Berg . Besides detefmining the qrystdl sfrnctﬁre of the compound they

also made susceptibitity measurements of it in the temperature region

from 45K to room temperature, although they did not carry th;ouéh with
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an analysis of the magnetic propeties. Typically, Ni2+,behay$s as an
antiferromagnet.and‘may be either 2d or 3d depending upén the structure
it resides in. From the shape of their rather sketchy data, however."it
seems thai the Ni2+ in EDA NiC14 is behaving in a manner significantly
different from thgt usually expected of an antiferromagnet.Besides
simply coﬁpleting.the study of another isostructur;l ggtibn in the EDA:
series (as mentioned previously Mn2+ and F32+(63) have been studied
also) this fact wvarrants a mo?e'careful investigation of the magnetic
properties of this:compound. |

Finally, as me#tioned earlier, further first principle calculations
using the~ﬁethod outlined in Chapter IV‘would be quite useful..Even with
the massive bookkeeping difficultiés associated with the fqur;centér,
sizx-electron problem,.the results presented earlier make proceeding with
;he calculation appear to be'worthwhilé. if appropriate simplifications
are made, the prbblem'coﬁld become tractable and its successful coméle—
tion would add significantly to thé understanding of two-halide super-

exchange in insulators.
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SUMMARY

Presented in this.thesis is ihe fi;st thorough,'e#perimental inves—
tigation qf a simple, two—halide sﬁperegchange bridge in transition
metal with‘thé primary emphasis on fhe bgHavior of the exchange gé ;
function of the cation;éation disfance anﬁ éeparately as a.fﬁnction of
the anioﬁ-anioﬁ separation. It is shown that the strength of £he super-
exchange through a two—-halide bridge afﬁpa;s to depend mo¥e critically
6n the'oveflap of the ahions rather thah:on the simple qation4§#tion
distance as has been previousiy suggesfed. Specifically; the inéeraction
is showvn to go as the 10th pover of the halide—~halide sgparation. An
attémpt is made to calculate the magnitude of the superexchange using
an extension of a relativelf simple technique. While the method gives
poor quantitative results it does reprqdﬁce the me&sured anion-anion

distance dependence of the superexzchange.
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APPENDIX A. COEFFICIENTS_OF VARIOUS HIGH IEMPERATURE SERIES EXPANSIONS '

The following tables contain the.coefficients_for a number of
HTSﬁ's.AThe parameters © and ¢ were chosen ﬂecause fhey enhance the
differences between a.square—planar Heisenberg interacfion and various
other interactions including 1—d.§—d, Ising, and X~Y like behavior. © .
is the usual Curie-Veiss parameter and ¢ is a measure of the deviation
from square~planar behavior. Table A.L contaiqs'thé usual XT/C expan~
sions, Table A.II. gives the coefficients for the Tln(XT/C)'HTSE's which
are more useful in.this case because that form is éspécially sensitive.
to the dep#rture from a square—planar model.

The form of the exfansions are as fo;lows:'_

XT/C = } a;lel(8/T)i

#nd

Tin(T/C) = ¥ b, [e1(0d/Ti™) |
. : 1 a )

The coefficients a; and b; are functions of e and are given in the

tables as suéh. For example a coefficient of 82=1—98-1582‘783 is writteﬂ'

as -9,~15,-7 where &’

=] has been suppressed since it occurs in all
terms. If a particular power of & is zZero with a nonzero power later it
is explicitly given to avoid confusion. Otherwise, the entry is left

blank, Leading coefficieénts which are the same for all models are given

with the polqmn headigg, A *?’ indicates that thg’remaining fourth order




94
terms were too compléex to generate in a finite amount of time: Note,

0=1 still remains.

hoﬁever, that tﬁe ie#ding term of ¢

The difection‘of'ﬂ, the ﬁagn;tic field, and the sign of ¢ aré also
given for each model. The désignatiQn‘DM refers tbra'Dz&aléshinsky-
Moriya modgl with the_numbef indicating wﬂich particular DM model. (see-
ref. 38.for mbre detgils;) AH megné 'aqisot*opic,ﬁqisenberg' with Z.
' iﬁplying‘that the 2 @irectidn'is the uniéughdirectiqn, and R impljing
that it is the $id direc£ion that is'favoréd. SQU, DIA, and REC refer to
" a square—-planar (no sgcond-neighbor), a diagonal sécond-neighbor. and a
rect;ngular §econd-neigh$or lattice resﬁeétively implying thé obvious:
additional interaptioﬁ directiqn. Similarly, ECL and STA refer to
models ig whiéh the lattices ére eifhei e&lipsgd or sfaggered as dis-‘
cussed ih‘Chapgér III; again including secénd-neighbor interactions.

In the case of SQU the femaining 6 terms éf-the expansion have been
calculated by ﬁaker et_al}(34) aqd have bqénlrewritten for the T1aXT/C
form as follows: ag tﬁrqugh.alo 0.08333, -0.57916, 0:088#8,-0.71715'.
-3.73442, 1.85941. | |

All expansions were generated or deri%ea by Ms. Patton Seifert from.
her'wori or from'tﬁe ;?prqpriate séurées-;eferenced earlief,inUChaptép

III.




TﬁBLE A.I,  Coefficients for the XT/C exﬁansions,Noté that for all models a0=a1=-1{N

means normal to the plane and IN means in the plane.

Model

Sign

Direction

=9

Sign rection  (1/2)a, (1/6)ag (13/192)a,

sQu g= N

ECL ANY Y -2,-3 -9,-15,-7 | -15.7,-16.15,27.8,31.2

STA ANY . ANY -2,-1.5 -9,-7.875,1.125 -15.7,-6.7,7.6,3.14
REC + ANY -3 6 -2.77,13.85

DIA ANY ANY  -2,-2 -5.25,-1.5,3.75 . -1.845,19.4,27.8,7.38
AHZ ANY N . -2 -9 . 6.77,12.3

AnZ, ANY - E T -=9,-14 KR

AHR e N “2,-2.67 -9,-14 2

ARR ANY IN  -2,-13.33  =9,-76,-32 ?

DO + N -2, -6.375 e

DHMO " s ~1.5" e
M1 N -2

6.77,12.3

$6




. TABLE A.I. (continued)

. Sign  Direction : '
Model . 387 of H (1/2)a, - (1/6) a4 - (13/192)a,

T N -2 o35 |
‘D2 o+ N - 2 - 11.5,12:3..
e+ N -2 - ;2§.5 N
oM £ . N -2 : -9  16.6,12.3

DM4 S s 2 -

DHS + S :N | : 2 -9 . 9.24,22.2

L '-'iN -2 6 -I )

DM6 . + . IN -2 -4.5 o o

- DM8 - . - IN -2 . -15 ) S

96




TABLE A.II. Coefficients_ for thg TlnXT/C expansions. For these models b,=0 and by=1. The
sign of ¢ and the direction of H are the s‘ame for each model as the previous
Table A.I.
Model (-)byle,e2] o (-1/2)b5Te, 62,630 (57192)b4[1;e.e2,83,;4]
squ 0.0 "~ 0,0,0 0,0,0,0
ECL 1,1.5 | 1,2,1 o -2.4,6,36,37.8
STA 1,0.75 1,1.125,0.375 ~2.4,-0.6,-1.8,-2.67
REC 1,0 _ 0,0,0 |  12,16.8
DIA . 1,1 . ‘f‘ -0.25,-1.5,-1.25 . ~19.2,79.2,120
AHZ _;,ou . 1,0,0 56,12.8
AHZ 1,1.33 1,2,0 L ?
AR 1,1.33 1.2 | ?
AHR 1,6.67 1,12,2.67 g
DMO 1,0 0.125,0 e
DO

1,0 "~ 0.5,0,0 ?

L6




3,0,0

TABLE A,II. (continued)
Model - (-)byle,e2] (1/2)b5le,82,%) (5/192)b,01,e,22,¢3,e%1
' DML 1,0_. ‘1;0,0 --56.;2{8
b1 1,0 ' _2.875,0 1
DM2 1,0 1,0,0 68.8,12.8
sz -': 1,0 5.5,0,0 7 |
PM4 1,0 '1,0,0 81.6,12.8 ®
DM4 150 1.25,0,0 .
DM5 1,0 ©1,0,0"  62.4,38.4
DMS 1,0 -4,0,0 Ty
DM6 1,0 -2,0,0 7
" DMS 1,0 | ?
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The following table describes how J, J°, and p2 depend on O-and €.
If useful a clarifying statement or picture accompanies the eﬁtry. For.
both of the AHZ and AﬁR models J, correspbnds to Jy and J't; J,. Also,
as indicated ig the heading, only the coefficieﬁt is givgn»fqthZ when

the whole term is the_coefficienf times.ezgg
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TABLE A.III. Relationship between the parameters © and & and the
exchangé energies J, J°, and D2. |

Model J 30 ' p2 [e?e] Comment s

sSQU /2 0 0

ECL (0/2)(1+e) . -O¢ 0

STA (6/2) (1+e) (-1/4)8e 0 ¥

REC  (08/2)(1+433)  (8/2)(1-38) . 0 T

DIA  (8/2)(1l+e) (~1/2)0¢ 0 :ég‘:J

AHZ (8/2)(1+4e)  ©/2 0 =y, J'=J; e=-1/4: X-Y
AHZ. 9/2 (0/2) (1+42)1/2 o e=-1/4; Ising

AHR (e/2) (1+4e) (8/2) (1-4e) 0 e=1/4: X-Y; =~1/4: Ising |
- AHR \ | same as AHZ with Huﬁ

DMO 0 0 6/7

DMO 0 0 3/4

PM1I 0 0 -3/8

DM1 Ol 0 1 same for all with.H"2

DM2 0 0 3 same for DMé6

DM4 0O 0 3/4

M5 0 -3/2  same for DM8
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APPENDIX B. ' HP9825A PROGRAMS FOR DATA REDUCTION

- The two HP982§A frograms which were used to reduce and m;nipnlate
the magnetization.and susceptibility data are given in this appendix.
The first program, JFIT, detérmines by the méthod of least squares and
the Fisher F test the paiameters‘which produce a best fit to the cor-—
rected magnetization data, Ii is iﬁportant that‘the data réad‘by the‘ 
program contain all corrections such as empty sample hélder offset -and
the diamagnetic corrections for that particular sample.

The secondApfogramf the sucepfibility data plotting routine, also
' jnc}udes the data loading progr;m which puts the data o# tape in the
Jprdéer fbrﬁat for use by both this program and'IEIT and at the. same tiﬁe
does the appropriate corrections'fo'the ra% data aftgr queryiné the user
for the necessary inf@imation. The pthér options available in thi;
program are for plotting the ﬁata on the CRT, printing the dafa on the
- thermal printer, calculating and displa&ing a‘HTSE'deel curve, and
correcting errors in the input data. The plot Option'further allows the
user to display both the data and the ge;eréted curve in one of three
. formats: X/C vs. T, C/X vs. T, and C/XT vs. J/kT. The program prompts
the user for all necgssary inputs.
| Finally, the last page of printout is a liéting,df tﬁe special
function keys #nd their definitions. The#e are used for the platting

routine and must be loaded.into key memory before using that brogram.
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APPENDIX C, DETERMINATIONVQE ORBITAL EXTENSION PARAMETERS

De Jongh and Blogk(Bo) have dete;mihed fhe orbital extension ﬁara—
~meters for Mn2*t, Cozf, NiZ*t, Cg2+,,F'. aﬁé Ci~ . In our analysis we have
simply used their valpes fér (anf) of 1f00 au'l.and for. (C17) of.0.70
w1 .

a . However, it is appropriate to outline the details of hbw these

numbers were derived ﬁﬁd to derive the vnlﬁe we used for Br;..To illus-
trate thé‘teChniéﬁé-the values of Ma2*, ¢u2+,'F-, C1™, and Er”nwill be
found. | |

In their method they gave primary i@portanqe to.dgtermining the
ratios 6f_thé'other extensioﬁ parameters to that of F~. This allowed the
"values to be consistant and necessitate$ chosing only one absolute value
for the oryital exten;ion parameter for F’; The ratios are determined by
comparing fhe contributions to the diamagnetic suscepfibility of the
open shells for the cations and the valenc§ shell for the anions of the

2. (r?). The (rz> values are taken from the

(56)

SCF expecfation values of r
SCF calculations of Herman and Skillman .The following relation is
uséd to accomplish the above,

open _ 2, 0pen ;5 2\ totaly .
X §ha” = (EehHoPenmeetytotaly- Xy

and for the anions, ‘valence’ replaces 'open'. The X 4;, Values are taken.

from the Landolt-Bornstein tablés(§4).qu, since for 1s Slater func-
tions it is known that,

¢e2y=3/22




113
we then have )
s 32_ y open open
~In the case of an anion compared with a cation a factor of 1/2 must
appear with.xwaleqce,because there are twvo effeétive electrons on the

anion.

Using the <z2) values from Table C.I the ratio of A(Ma2*t):A(Cu2")

is 1:0.90 and for u(F ):p{(C17) we have 1:0.63. From the Landolt-

- Bormstein tables they obtain -13.0°10™6 for.Xg;, of F and ~14,0010™6

2

for Xdia of Ma *. Thus k(Rﬂn2+)/u(F°)=0°9’7 and the remaining ratios may

be obtained trivially. At this point it becomes necessary to assign a

particular value to p{F”) and they  chose 1.10 au~l because it gives the

best fit to their data. That being the case we have

A(Mn2%)=1.08 au™"

A(Cu2¥)=1.00 au™"

w(C17) =0.70 au™"
p(Bz™) =0.60 au.'“.1

where‘l au = 0.529&;
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TABLE C.I. SCF calculations of the exzpectation values of <x?> fé? the

open— and closed-shell electrons of the various cations and o

anions comsidered. ((22> values are in atomic units.)

MnZ* cu* o c1” . Be”
2> 0.00505  0.00373  0.04 0.011 - 0.0026
<f§s> 0.09250  0.06620  1.153 0.230 0.0443
(e3> 0.07378  0.05183  1.369 . 0.197 0.0341
e3> . 0.82626 0.58361 2.578 0.3601
<r} ) " 0.92207  0.63675 - 3.538 0.3751
<3y 1.49209.  0.98227 - 0.4095
2> o o 3.1258
(3, ' 4;8922
<r2> (3a%) 7.46 8.84 |
ey (val. shell) | 10.52 26.38 35.60

<2y (total) 15.28 14.28 10.60 28.05 42.97




APPENDIX D, THE SYMMETRIC DOUBLE COSET DECOMPOSITION

Starting with expression 4.4 we can i@mediately rewrite it as
Cg(1), wle PN
Eg,a™Po, ol 4TI, o> 1 g, o lA10,, 4> (D.1)
because of relation 4.3 and the fact that}the transformations used are
- spectrum conserGing. To get from that form of the expression to that of
4.5 the denominator of D.1 will be used as an example since the presence

of V does not effect the final result.

Writing out the denpminator'using the:explicit form for A we got, -

E Nl I | TR (N2 F encdyIpI9 <elple>  (D.2)
Pesy Pesy

Now, this can be simplified by a symmetric double coset decomposi~

(65)

tion of the elements, P, which basically means that the elements can

be grouped together in'a clever way which ﬁakes the calculation much

easier,

First, a few definitions might be helpful:

. ) {
A left coset of a subgroup S of the group G is the set
formed by taking any element of G not in S and operating on
S from the left, ie., if pe6 not in S then a left coset. of

S 'is pS. (Vice versa for the right coset.)

A double coset of S and T generated by peG not in S or T, is




iié
the set SpT.
A symmetric double coset (SDC) generated by P then is the

set given by SpS. -

For fhe‘cdse of a four—electron pfoglem. 84 consists éf 24 elé—
ments, S4={I,PIZ,P13,P14,P23.P11'34."‘"°"}. th.this be bfok;n into a
few-impdrgant subgroups’, the main criterion for the subgrﬁups being that
they contain the permutation operators ;f ”like'.centers;"Fdr_exémple;.
let’ | | |

8,={I,Pyyl), ie. mggnetic jons a and b
SB={I,P34}.'ie; diamagnetic ions.z and 2.
Now form the subgroupﬂwhich is the direct'prodﬁct of these,
| H=8,°8g={1,Py5,P34.Pyy 34}

We can look at the SDC{s of H by picking a few elements of S4r For

-example, use I, P13. and P13‘24. (These are then called the generators »

of the SDC’'s.) These three are chosen because théy involve the inter-
change of 0, 1, and i_electrpns between the two different subgroups of
ions. For I we get, |

HIH=[E.P12’;P34;P12’341=H?
A;tuallj;]lis generdted foﬁr fimes from HIH.Thé séme‘sqrt of result -
6ccu?s for‘the Ather two éenerators. |

HPy3,248={P135,24+P14,23:P1423-P1324}

and
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HPy3H={P13.Py3,P34,Py4,Py53.P135.P234:Pp43"

Py34-P143-P124-P142-P1234°P1432-P1243-P1342} -

The notat;on wa.s ?hanged slightly in t_:he- a"bovc_a to the usual cyclic form,
It sht-mld'be- noticed that evezy glement of 84 can be'generated' by. those
3 SDC's, | |

If we now let p represent an element of H (from the left) and q
repfgsent an element of H (from the right)'t\hen any element of S4 can be
written in the form p?tiq where n;= I.P13'24, or P13. This can be ex-

pressed by the operator identity,

2 epP = 2 ep p(nq/4+ny/4+m3)q
PeSy p.qel | '
Since the effect of pr;q on (bo and V is easy to determine we can simpli-
fy the evaluation of the integral. |
Retulrning to the singlet state of Eqn. D.2 for ny {SDC generator I) ..

wve have

=(1/j4§.)‘(4!)~1/2 2 g <¢°!qu¢)o)<clpq|d>
p,qel '

where the 1/4 comes from the fact that the 8DC is generated 4 times over

and where e=(-1)P*9, Since the singlet state must be antisym‘me‘txjip in
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the interchange of 1 and 2 and it must be antisymmetric on 3 and 4 .
(spin-paired orbital)
| ¢alpgler=(-1)P*Uslor=(~1)P*,
Also, since ¢, is symmetric in 3 and 4(¢5=a(1$b(2)(z(3)z(4)+z'(3)zW4J)

P34¢°=¢° and 'P12,34¢°_=P12¢°, ‘The end result is

(1/4) (41) 71 2-4-3(-1)P¥ (<, 16, >+, 1Py 5 19, 5) ((-1)P*Y)
' p. q€H > '

- -1/2

= (31) f¢b'F+P12'¢o>°
Similar arguements miy be used for the remaining two generators (the
algebra becomes longer but no more difficult concepgually) and the final

result may be written as

(472§ e, i1, <olplay = <, IRg1,>
. Pesy

where
Po=(61)"1/2(1-P, ,-P. ,+P ) (T+Pq )
Pg=(61 13P23+P13 24 127~

The triplet case is nearly the same excépt that the spin function
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is symmetric in 1 and 2 while it is still antisymmetric in 3 and 4. Vhen

all of the dust settles from the cranking the triplet projector is
"B - =1/2¢7 o _ D
For a more detailed discussion of the double coset decomposition

and its application to this problem see the more complete development by

Block(65),
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APPENDIX E.  TWO-CENTER SUPEREXCHANGE INTEGRALS

This appendix contains the explicit exact forms'(gkcept for CZj of
the two-center excﬁange integrals used im fhe two-~halide superexchange
calculation. It also lists the 3 three-center inteérals J4, 35; T1, T2,
T3, and T4 which were calculated numerically (along with C2) as well as .
the foﬁr—centez integrals Fi and-FZt The numerical integrals were done
by rewrifing the pot&ntial in terms of a Neumann expansion~and then
carrying out the infinite series to an order high enough not to cause an
error in the exchange calculation.

A helpful reference which describes many bf the techmniques used to
write the integrals in closed fo;m is the-book by J. ‘C. Slafér, Quantum

Theory of Molecgieyagd Solids, Vol. I, (McGraw-Hill, New York, 1963),

p. 22. It describes in detail the transformations needed to simplify. the
calculations.

The name; given to the following integrals are used in the Foftraﬁ
pfogram EXCHANGE listed in Appendix F where the closed form expreséions
for them may be found. The-%avefunctions a, b, z, ﬁnd z; ref;r to the
individual wavefunctions described in.Chapter IV with the eiectron
numbers-1 through 4 left off since-théy would be suﬁerfluous. The
lettgrs in parentheses under'the namg_column are the appropriate .
intercenter\distance; i#vqlved in the integfal’and refer to the‘
designations of those distances in the program. Also included in fhat

column are the CALL statements with the parameters which are ph&sed_to,
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the subroutines for the numerical integrationms. S=metal-halide distance;.

SX=halide-~halide distanceé; R=metai-metal diéfance; XL=)\ and XM=p.
-Integral S T : . Name

J ab dx - (the 3-d spatial element, dt, S1

[az = f bz' is implied in all of the following)  S2(S)

- [ az'= [ bz o . - $2 (S+SX)
A f'aZIrb f f b2/ra . ; , . ‘ , . K1
S a2z, = [ 62, - K2(S)
L3, = S e, B " R2(S+SX)
f'zzlra =/ z'2/rb . ' A 'K3($)‘
[ 2215, =1 2%z, o K3(S+SX)
[ av/r, = [ ab/ry, E - 51
[ azlz, = [ ba'lry o 72(8)
f'bz/rb = [ az'/r, ' o . - JZ(S+SX)
[ azlr, = [ bz'/x,, ' , . J3(s)
J bz/r, =/ az’/r,,. ” ‘ : | J3(S+8X)
[ azlry = [ vz'/z, - J2 NUMIN1 (XL,XL,XM,S,S+SX)
f bz/ra-= [ az'/zy ' 15 NUMING (XL, XL, XM, $+SX,8)

[ zz'lr, = 22'/zxy B J% NUMIN1 (XM,XL,XM,SX,S)




122

[ azlz,e = [ vz'lx, 7Z' NUMIN1 (XL,XM,XM,S,SX)
[ ab/r, = [ ab/z,, | J§ NUMIN1 (XL,XL,XM,S,S+SX)
[ sty = f bale, JZ  NUMINL (XL, XM, XM, §, SX)
/ a%b% dtydty (The first two letters are the D1 |

[ a2z2 = [ b2z'2 first integration, the se;ond' | D2(S)

S 0222 = [ 222'2  two are the second integration.) D2(S+SX)"

J abab c1
[ azaz = [ bz'bz’ : c2 NUMIN2 (XL,XL,XM,S,S+SX)
2 .
f bzbz = [ az’az’ o ‘¢ NUMIN2 (XL,XL;XM,S+SX,S)
J az22 = [ bz'3 : . . AL(S)'
J bzz2 =f az’3 ' . AL(S+S8X)
J azb? = [ abz’ T3  NUMIN1 (XL,XL,XM,S,S+SX)
[ a2bz = [ az'v® 0. NUMINL (XL,XL,XM,S+SK,S)
[ azz'? = [ bz'22 . " TZ  NUMIN1 (XL,XM,XM,S,SX)
i
[ v2zz¢ = [ a2zz° : . T’  NUMINL (XM,XL,XM,SX,S)
[ abz? = [ ab2z'?2 . T3 NUMIN1 (XL,XL,XM,S,S$+SX)
[ az'z% = [ bzz'2 T NUMINI (XL,XM,XM,S,SX)

[ azbz = [ az'bz’ _ T3  NUMIN2 (XL,XL,XM,S,S+SX)
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J azz'z = sz'zz;

J abbz = abaz’
J abbz’' = abaz
[ az'zz' = [ bzz'z

J azaz’' = [ bz'bz

J abzz' . F1
a
J azbz' F3

‘ z
J az'bz Fé

TZ  NUMIN2 (XL,XM,XM,S,SX)

T;  NUMIN2 (XL,XL,XM,S+SX,S)
T2 NUMIN2 (XL,XL,XM,S,S$+SX)
TZ  NUMIN2 (XM,XL,XM,SX,S)

T' NUMIN2 (XL,XM,XM,S,SX)

NUMIN3 (XL, XL, XM, XM, 2°8+SX, SX)
NUMIN3 (XL,XM,XM,XL,S,S)

NUMIN3 (XL, XM, XM, XL, S+SX, S+SX)




APPENDIX i«*_._ TWO-HALIDE SUPEREXCHANGE PROGRAM

The following Fortran 4+ program was used to c;lculéte~the single~
and two—halide supéreicha#ge interactions given in Cﬁapter V using the
- theory described in Chapter IV; It was designed specifically to runlon
the MSU Scientific Subsystem VAX 11/780 computer, however, it should be
adaptable to any system which has the capability to‘utilizé double
precision va;iables ang functiohs.

The progfaﬁ wili'palculate either the single-halide, three—denter.:
four—eleéfron spperexcﬁmnge (by setting the'haliAe—halide distan?e to
zero? or J' fqr all three two-halide, four—center, four-electron moieéué'
lar orbitals,discussed in Chapters IV and V. The information £eqpired
‘consists of the orbital extensibn p;iameters A and p, thé ca;ion—cation
and anion—anion separation disfances, and fﬁe'integr#tion grid dimen-
sions. The output consj§ts of the superexc#ange energy J°/k in units of
K. Also, the various subparts of the calcul;fion afe given including the:
values far the integrals (calculated iq the three subroutines NUMINL, 2,
and 3 listed following EXCH.FOR), the individual values for the permuta-‘
tion operaéors, and‘thé yalues for the energy denominators; all in'ﬁnits

of the square of the eigﬁentafy electron charge, eZL
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PROGRAM EXCHANGE

THIS PROGRAM WILL CALCULATE THE EXCHNGE INTEGRAL FOLLOWING THE
METHOD OF HANSEN, ET.AL. INPUT REQUIRED ARE THE ORBITAL
EXTENSION PARAMETERS AND THE INTER-ICN SEPARATIONS. THIS
PROGRAM MAY BE.USED FOR ONE~ OR TWO-HALIDE EXCHANGE,

The output from this program gives H for all three MO'’s, the
usual, the covalent, and the ionic. It also gives the values
for the iﬁdividual permutation operators and the emergy
denominators. . |

IMPLICIT DOUBLE PRECISION (A-H,H,K,0-Z)

COMMON J4,35,T1,T2,T3,T4,C2,NA,NB,AMX

DIMENSION P(8) T

Following are the initial function definitions.
X0(D)=D=XM

A0O(D)=D=(XL+XM)/2.0

BO(D)=D*(XL~-XM)/2.0

AL(D)=D (XL+3.,0°XH) /2,0
B1(D)=D®(XL-3.0°XM)/2.0

Z(A)=DEXP(A)-DEXP(-A)

Y(A)=DEXP(A)+DEXP(-4A)
ET(X)=-DEXP(X)*(1.+1./X+2 , /X/X+6 . /X/X/X+24 . /X/X/X/X+
120, /X/X/X/X/X) /X

FOLLOWING ARE THE INTEGRALS DEFINED AS FCNS. THE TERMS DO
NOT INCLUDE NUCLEAR-NUCLEAR INTERACTIONS. '

. $2(D)=(D**3,0) *XLMDEXP(-A0(D)) *(Z(BO(D)) *(1./A0(D)+
c 1./AO(D)/AO(D)-I,/BO(D)/BO(D))+Y(BO(DY)/BO(D))
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/A0(D)/BO(D)/2.0

K2(D)=(1.-DEXP(~2.°XL*D)®(1:+XL%D))/D
K3(D)=(1.0-DEXP(~2,02*X0(D))*(1.0+X0(D)))/D
IZ(D)=0.5*D°D°XLM¢DEXP(—AO(D))°(Z(B0(D))*(1.]A0(D)—'
1./B0(D) ) +2. *DEXP(B0(D)) ) /A0(D) /BO(D) '
J3(D)=D*D*XLM¢DEXP(-A0(D)) #(Z(B0(D))*(1./A0(D)+1./B0(D)) "
-2 . *DEXP(-B0(D)))/2. 0/A0(D) /BO(D)

. D2(D)= D*D=(XM¥23.0)20.5%((2. 0°DEXP(—X0(D))/(XO(D)°°3 0))

© (DEXP(X0(D) ) -DEXP(-X0(D))*(1,0+X0(D)))

~(DEXP(-2.0%A0(D)) /8. 0/A0(D)/B0O(D))=(Z(2. cBO(D))°(1 /AO(D)
-1./B0(D))+4.*DEXP(2. *BO(D) ) +DSXL=(Z(2 . *B0(D))*(1./A0(D)
+0.5/A0(D)/A0(D)-0.5/B0(D)/B0(D))+¥(2.2B0(D))/BO(D))))
AL(D)=. 5%DoDSXLM# ( (DEXP(~A0(D) ) /AO(D) /BO(D) )& (Z(BO(D) )#(1./A0(D)
+1./B0(D))—2.%DEXP(-BO(D))) | '

~(DEXP(-A1(D)) /A1(D)/B1(D))®*(Z(B1(D)) (1. IAI(D)+1 /Bl(D))

-2 . *DEXP(-B1(D) ) +D*XM¢(Z(B1(D)) ((1./A1(D)
+1,./A1(D)/A1(D)~-1,/B1(D)/B1(D))+Y(B1(D))/B1(D))))

The units for the following inputs are, lambda and mu~ inverse au;

distances~ au.

. WRITE (6,10)

FORMAT (* LAMBDA,MU,A~B SEPARATION,CL-CL SEPARATION')
READ (5,20) XL,XM,R,SX '

FORMAT (4F6.3)

WRITE (6,30) _

FORMAT (' THE NUMBER OF UNPAIRED ELECTRONS?') |

READ (5,40) N

FORMAT . (12) -

C The next statement asks for tha integration grid sizes and the upper -
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C 1limit for the alpha iﬂtegration. Typical values are'300,200;'ahd.9.0.

42

44

WRITE (6,42) . :
FORMAT (' ALPHA GRID, BETA GRID, MAX ALPHA)
READ (5,44) NA;NB,AMX R
FORMAT (214,F4.1)

0=R/2.0

$=50-5X/2.0
XLM=(XL*XM) #21.5
X=ReXL

INDEX=0 -
GI=1.0

ZO=DEXP(-SX®XM)® (1.+SX*XM+SX (SX*XMXM/3.)

- NOW DEFINE THE'REMAINING EXACT 1 AND 2. CENTER INTEGRALS.

$1=(1.+X+X9X/3.) *DEXP(-X)

S1X=(1.+X+X%X/3.)“DEXP(X)

Ki=(1.-DEXP(-2.%X)9(1.+X)) /R

J1=XL?(1.+X)*DEXP(-X)

D1=0.5°DEXP(-X)¥ (2. 9Z(X)-XSDEXP(-X) %(2.75+1. 5¢X+X9X/3.)) /R
C1=6.%(S1%S1%(0.57722+DLOG(X) ) +S1X*S1X*EI (-4, °X)

-2, 9$19$1X°EI (2., °X) }/X

C1=(-DEXP(-2.¢X)®#(-3.125+5.75%X+3, mx¢x+x¢x°xl3 )+C1)/5

THE NEXT SECTION CALLS THE APPROPRIATE SUBROUTINES TO

CALCULATE THE REMAINING INTEGRALS.

CALL NUMIN1 (XL,XL,XM,S,SX+S) -
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_ T4s=T4

J58=J5
TiS=T1
T28=T2

CALL NUMIN2 (XL,XL,XM,S,S+SX)
T35=T3

T4S=T4 .

€28=C2

CALL NUMIN1 (XL,XL,XM,S+SX,S)
J4SX=J4
T1SX=T1

CALL NUMIN2 (XL,XL;XM, S+SX,S)
T4SX=T4 .

C28X=C2

IF (SX .EQ. 0.0) GO TO 1000

THIS SECTION DEFINES AND GENERATES THE ODDBALL INTEGkALS.

THAT SHOW UP.

CALL NUMIN2 (XL,XM;XM,S,SX)
T3Z=T3
T4ZSP=T4

CALL NUMIN1 (XL,XM,XM,S,SX)
J4ZSP=J74
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I52=35

TiZ=Ti

T2Z=T2

CALL NUMIN1 (XM,XL,XM,SX,S)
J4Z=J4

T1ZSP=T1

CALL NUMIN2 (XM,XL,XM,SX,S)
T4Z=T4 o

CALL NUMIN3 (XL.XM,XM,XL,S{R.S.SX.Z)
F2A=T3 '

CALL NUMIN3 (XL,XM,XM,XL,S+SX,R,S,SX,3)
F2Z=T3

CALL NUMIN3 (XL,XL,XM,XM,R,R,S,SX,1)
F1=T3 *

THIS SECTION COMBINES THE INTEGRAL INTC THE COMPLETE
HALIDE-HALIDE INTEGRALS FOR EACH PARTICULAR MO.

GO TO 2000

AND FINALLY THE SINGLET AND TRIPLET STATES ARE FORMED
AND THE RESULTS CALCULATED, :

TO=P(1)-P(2)-P(3)-P(4) +P(5)+P(6)
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ESO0=P(1)-P(2)-P(3)+P(4)-P(5)-P(6)+P(7)+P(8)
T=TO0/ZM
ES=ES0/ZN |
_ J=(ES-T)©315885. /(2. “DFLOAT (N*N) )
90 FORMAT (' Results for the BONDING MO‘,/)
91. FORMAT (' Results for the ANTIBONDING MO.',/)
92  FORMAT (* Results for the COVALENT MO.’,/)
93  FORMAT (* Results for the IONIC MO.’,/)
94  FORMAT (' Results for the Single-halide case.’,/)
WRITE (6,100) T,ES,T - o
100 FORMAT (' J(K)=',F12.6,' SINGLET AND TRIPLET=',2Fi0.6)
WRITE (6,110) ZN,XM '
110 FORMAT (’ THE ENERGY DENOMINATORS FOR' S AND T ARE’,2F10.6)
WRITE (6,120) P(1),P(2),P(4) | ' :
120 - FORMAT (* P1,P2,P4 ARE’,3F10.6)
WRITE (6,125) P(5),P(7)
125 FORMAT (' P5 AND P7 ARE’,2F10.6,/,/)
IF (SX .EQ. 0.0) GO TO 200 '
INDEX=INDEX+1 '
GO TO (2000,3000,4000,200) INDEX
© GO TO 200
C This subprogram calculates J for thefsimﬁlé.linegr single-halide case.
1000  S2T=S2(S)
K3T=K3(S)
J3T=J3(S).
D2T=D2(S)
C2T=C2S
XLT=AL(S)
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T2T=T2S
T3T=T3S .
V=1.0/R+2.0/8+2.0/(S+SX)
K2T=K2(S)

J2T=J2(S)

J4T=J4S

J5T=J5S

TIT=TiS

T4T=T4S

NEXT THE INTEGRALS ARE COMBINED TO MAKE EACH PERMUTATION
TERM (WITH THE N-N INTERACION).

P(1)=D1+4,0°D2T-2.0% (K1+2.0%(K2T+K3T))+V
P(2)=C2T+S2T¢(2 .00 (TIT+XLT-J2T-2 . 09 (J3T+J4T)~
S2T#(-D2T+K1+2., 0% (K2T+K3T) -V))

P(3)=P(2) | |
P(4)=C1+S1%(4.°T2T-(4.%S19K3T+2, ¢T1+4,9T5T))
+819814V
P(5)=S1°T3T+S2T¢ (2. 0°T4T+S2T (T2T-J1-2.0%(J5T))
P(5)=P(5)+S19S2T¢(XLT-2 . 0¢(J3T+J4T)~J2T-S2T2 . 0°K3T)
P(5)=P(5) +V0S1¢S2T*S2T

P(6)=P(5)
P(7)=S2T?S2T*(2,0%C2T+3 . 0TS T-52T% (2.0 (J2T+2 . 09 (J3T+T4T))
-V4S2T))

P(8)=P(7) .

ZN=1.0-2 . 0S2ToS2T (1,0+81-S2T#S2T) +§1%51
ZM=1.0-2.0°52T°52T(1.0-2,0°51)~ 51051

. WRITE (6,94)
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GO TO 98

C This subprogpam calculates J for the usual (anti) /bonding MO That MO
C has the form, (2(3)+z(4))(z'(3)+z2' (4))
2000  Z01=(1.0+GI®Z0)®%0.5
ZK=1,0/(1.4142135623730952Z01)
S2A=ZK%(S2(S) +GI%S2 (S+SX))
$2B=GI*S2A
| K3T=ZKSZK® (K3 (S) +K3(S+SX) 42 . 0°GI*T4Z)
J3T=ZK*(T3(S)+GI*T3(5+SX))
D2T=ZK*ZK% (D2 ($) +D2 (S+8X) +2 . 0°GI*T1ZSP)
C2T=ZK%ZK* (C2S5+C2SX+2 . 09GI*T4ZSP) ,
XLT=ZK°ZK°ZK°(AL(S)+T1Z+2.°T4Z¥GI°(AL(S+SX)+TZZf2.°TéZ))
T2T=ZK®ZK*(2 . 0¢T2S+GI¢2 .0 (F1) |
T3T=ZK(ZK*(2.0°T3S+GI¢ (F2A+F2Z))
V=1.0/R+2.0/(S+SX)+2.0/8+1.0/SX
K2T=(K2(S)+K2(S+SX))
J2T=ZK* (32(S)+GI®T2(S+SX))
J4T=ZK¢ (J4S+GI®T4SX)
I5T=J5S _ B
J4ZSPT=ZK°T4ZSP-
J5ZT=ZK*I5Z
T1T=ZK*(T1S+GI*T1SX)
T4T=ZK® (T4S+GI*T4SX)

NEXT THE INTEGRALS ARE COMBINED TO MAKE EACH PERMUTATION
TERM (WITH THE N-N INTERACION). '

P(1)=D1+4,09D2T-2,0° (K1+K2T+2,0°K3T) +V
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P(2)=C2T+S2A%(2.0°T1T+XLT~J2T-T3T-2 0T 4T ( J4ZSPT+GI¢T5ZT)

C -S2A%(-D2T+K1+E2T+2,0°K3T-V))

P(3)=P(2) |
P(4)=C1+S1°(4,%T2T-(4.9S1%K3T+2.%T1+4.¢J5T))

C +S1%81°V _
P(5)=S51%(T3T+S2A%GI*XLT) +S2A9T4 T+S2B% (GI*T4T+S2A% (T2T-J1) ) -
P(5)=P(5)—(S1¢S2A% (GI*(J4T+T3T) +T5ZT+GIT4ZSPT),

C +S19S2B¢(J2T+J4T))

P(5)=P(5)-S1¢S2A2S2B%(2.0%K3T-V)~ (52A°SZB*J5T°2 0)
P(6)=P(5) '

P(7)=S2A9S2B®3,0°T3T+( S2A*S2A+S2BS2B) *C2T
P(7)=P(7)-S2A°S2B%(S2A% (GL® (J2T+2, 5T4T+T3T+T4ZSPT) +I5ZT) +

C  S2B%(2.°T4T+I2T+I3T+J4ZSPT+GITSZT))
P(7)=P(7)+S2A°S2A°S2BS2BoY
P(8)=P(7) ,
ZM=1.0-S2A%S2A+S2B*52B-51°51+2 . 075195249528
ZN=1.0-S2A°S2A-S2B*52B+51°51-2. ovs1vs2A°s23+z 0°S2A%S2A*S2B*S2B
IF (INDEX .EQ. 1) GO TO 2001
WRITE (6,90)

GI=-1.0
GO TO 98
2001 WRITE (6,91)
' GO TO 98

This subprogram calculates J for the COVALENT MO which has the
form,  z(3)z(4)+z'(3)z'(4). “
3000 Z01=(1.0+Z0%¥Z0)%%0.5
ZK=1.0/(1.414213562373095%Z01)
S2A=82(S)
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S2B=52 ($+5X)

SA=S2A+S2B5Z0

SB=S2B+S2A°Z0

SAR=S2A%S2B

SA2=S2A°S2A

SB2=S2BS2B

SAAB=SAB®S2A

SABB=SAB¢S2B

SABZ=2 . 0%SABYZ0+SA2+SB2
SABZO0=2 . 0¢SAB+Z0% (SA2+SB2)
SA3B=S2A%(SA2+SB2) -
SB3A=S2B%(SA2+SB2)

K3T=(K3(S) +K3(S+SX) +2 . 0°Z05T4Z)
K3T0=K3($) SB2+K3 ( S+5X) #SA2+2 , 0°J4ZSSAB
T3T1=73(S) *SA+SBoI3 (S+5X)
J3T2=73(S) ©SB+SA®T3(S+SX)

D2T=D2(S) +D2(S+SX) +2 . 0¥Z0ST1ZSP
D2T0=D2(S) *SB2+D2(5+5X) ¥SA2+2 , 0SAB®T1ZSP
C2T=C25+C25X+2 . 0920 T4ZSP |
C2T0=C28%SB2+C2SX SA2+2 .09 SABST4ZSP
XLT1=S2A¢ (T1Z+T4Z) +S2B* (T2Z+T3Z)
XLT2=S2B% (T1Z+T4Z) +52A¢ (T2 Z+T3Z)
T2T=2.0%(T2S+Z0%F1)

T3T=2 . 05T3S+Z0¢ (F2A+F2Z)
V=1.0/R+2.0/(S+5X)+2.0/§+1.0/SX
E2T=(K2(S)+K2(5+5X))

J2T1=J2(S) *SA+T2(5+SX) *SB
J2T2=72(S)¢SB+T2(S+SX) *SA'
J4T1=J4SSA+T4SX*SB
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. J4T2=J4S=3B+J4SX*SA
‘J5T=J58

T1T=T1S*SA+T1SX¢SB
T4T=T4S?*SA+T4SX*SB

NEXT THE INTEGRALS ARE- COMBINED TO MAKE EACH PERMUTATION
TERM (YWITH THE N-N INTERACION),

P(1)=D1+4., 09D2T4ZK9XK~2 0% (K1+K2T+2 . 09K3TOZK4ZK) +V
P(2)=ZK*ZK® (C2T+2 . 0°T1T+XLT1+D2TO-( (K1+K2T) °SABZ+2 , 0°K3TO+T2T1
+T3T1+T4ZSPOSA+TSZOSB+TAT192.,0) +Ve (SA2+SB2+2 . 09SAB®Z0) )
P(3)=)(2) '

-P(4)=C1+ZK°ZK°81°4.°T2T381°(4.°81°K3T42.*Jl+4.°IST)

+81981%V
P(5)=ZKZK#(2.0% (T4T+T2S*SAB) +F1° (SA2+SB2) +51° (T3T+XLT2)
~(S19(2.0¢((K3(S)+K3(S+SX) ) *SAB+T4Z(SA2+5B2))

+T2T2+2 . 05T4T2+T3T2+T4ZSPOSB+I5ZOSA) +(T1+42 . 69T 5T) SSABZ0)
+V9S15(2 . 09SAB+Z0% (SA2+SB2)))

P(6)=P(5)

P(7)=ZKOZK® ( (SA2+SB2)  (F2A+F2Z) +2.09SA2® (C2S+F2A)

+2.0%SB2% (C2SX+F3Z) .

+4 ,0SAB® (T4ZSP+T3A) - (4.0 (J4A*SA3B+J4BoSB3A) +2 . 0% (T2 (S) *SA3B+
T2(S+SX) SB3A) +2 .0 (SA3B= (J3(S) +T4ZSP) +SB3A® (J3(S+SX)+J5Z)))
+V (SA29SA2+SB2982+2, 09SA2¢SB2)) -

P(8)=P(7)
ZN=1.0+51S1-ZK9ZK52.0%( (1+Z0) * (S2A+52B) 5¢2 , 0~ ( SA29SB2) #¢2 ,0)
ZM=1.0-81%S1-ZK5ZK%2 . 0% ((1-Z0) ®(S2A-52B) #¢2..0) ’

WRITE (6,92) S

60 TO 98
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This subprogram calculates the IONIC MO exchange integral. It
looks 1like, z(3)z'(4)+z'(3)z(4).

4000 . Z01=(1.0+Z0%Z0)*%0.5
ZK=1.0/(1.414213562373095%Z01)
S2A=52(S)

S2B=52 (5+8X)

SA=S2A+S2B%Z0

SB=S2B+S2A%Z0

SAB=S2A°S2B

SA2=S2A¢S2A

SB2=S52B*S2B

SAAB=SAB®S2A

SABB=SAB*S2B

SABZ=2 . 0% SABYZ0+SA2+SB2
SABZO0=2 . 09SAB+Z0° ( SA2+SB2)
K3T=(K3(S)+K3(S+SX) +2.0%Z0°T4Z)
K3T0=K3(S) *SB2+K3 (S+SX) *SA2+2 . 05T4Z*SAB
J3T1=T3(S) *SA+SBT3 ( S+SX)

J3T2=73(S) ©SB+SA®T3 (S+SX)

D2T=D2 (5) +D2 (S+SX) +2 . 05Z0*T1ZSP
D2T0=D2(S) *SB2+D2( S+SX) ®SA2+2 , 0°SABST1ZSP
C2T=C25+C2SX+2, 0°Z0ST4ZSP |
C2T0=C2S8%SB2+C2SX®SA2+2 , 05SABOT4ZSP
XLT1=S2A% (AL(S) +T4Z) +S2B% (AL (S+SX)+T3Z)
XLT2=S2B% (AL(S) +T4Z) +52A% (AL(S+SX) +T3Z)
T2T=2.0%(T25+Z0*F1) o
T3T=2 . 0°T35+Z0° (F2A+F2Z)
V=1.0/R+2.0/(S+SX)+2.0/S+1.0/SX
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K2T=(K2(S)+K2(S+SX))
J2T1=J2(S) 5SA+J2(S+SX) *SB
J2T2=32(S) *SB+J2(S+SX)*SA
J4T1=J4S*SA+J4SX*SB
J4T2=J4SSB+J4SX*SA
I5T=J58
T1T=T1S*SA+T1SX*SB
T4T=T4S*SA+T4SX"SB

NEXT THE INTEGRALS ARE COMBINED TO-MAKE EACH PERMUTATION
TERM (WITH THE N-N INTERACION). '

P(1)=D1+4, 0°%D2T*ZK%*ZK-2,0%* (K1+K2T+2 ,0*K3TZK?*ZK) +V
P(2)=ZK*ZK* (C2T+2. 0°T1T+XLT1+D2T0 ( (K1+K2T) #SABZ+2 .0*K3T0+J2T1
+13T1+J4ZSP*SA+JSZ°SB+J4T1°2 0)+V°(1+ZO)°(SA2+SBZ))
P(3)=P(2)

‘P(4)=C1+ZK*ZK*»S1%4. °T2T—Sl*(4 a81°K3T+2 $J1+4,9T5T)

+51%816V ‘ . .

P(5)=ZKSZK¢(2 .0 (T4T+T2S*SAB) +F1% (SA2+SB2) +S1% (T3T+XLT2)
~(S19(2.0%((K3(S)+K3(S+SX) ) SAB+J4Z(SA2+5B2) ) +T2T2+2.00T4T2
+J3T2+J4ZSP*SB+J5Z9SA) +(J1+2.0%J5T) *SABZ0)

+V©812(1+Z0) (SA2+SB2)) ‘

P(6)=P(5)

P(7)=ZK*ZK® (4 ,0*SAB*T35+2.05C2T0

+2.0%(2 . 0°SAB®T3S+SA2°F2Z+SB2%F2A) .
~2.0%(3.0%(J2(S) *SABB+J2 (S+SX) ®SAAB) +2.0% (I3 (S) +T4ZSP) *SABB
+2,0%(J3(S+SX)+J5Z) “SAAB+3 ., 0°(J4S°SABB+J4SX*SAAB))
+4.,0°V5SA24SB2) ,

P(8)=P(7)
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ZN=1.0+S1%S1-ZK®ZK%2,0%(1+Z0) “ (SA2+SB2) #(1+S1) +8.0%ZKZK*SA2*SB2
ZM=1.0-S1*S1-ZK*ZK®2 , 0%(1+Z0) ¢ (SA2+SB2) o (1-51)
WRITE (6,93) ' ‘

GO TO 98

sToP

END'
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SUBROUTINE NUMIN1 (XLA,XLB,XLZ,S,SX)
NUMERICAL PROGRAM TO DO 3 CENTER COULOMB

INTEGRALS FOR SUPEREXCHANGE CALCULATION,
THE INTEGRALS ARE J4,J5,T1,T2 AND THEIR VARIANTS.
THE FORMAT FOR THESE INTEGRALS IS THE FOLLOWING:
a;(XLa*°3/pi)°exp(XLa*Ra)pb=(XLb°*3)°°.5°exp(XLb°S/2°SQ)uetc.'
A - § — Z--- SX -——B
AND SQ IS THE DISTANCE FROM THE INT. PT TO B
IMPLICIT DOUBLE PRECISION (A-H,J,0-Z)
DIMENSION DUM1(4),DUM2(4) ,DUM3(4)
COMMON J4,J5,T1,T2,T3,T4,C2,NA,NB, AMX

C=(AMX-1.) /NA |
D=2 .0/NB

A=1.,+C/2,

A0=S*(XLA+XLZ)/2."

BO=S%(XLA~XLZ)/2.

DO 20 I=1,4
DUM1(I)=0.0
DUM2(I)=0.0
DUM3(I)=0.0

20 CONTINUE

DO 200 I=1,NA
B=(D/2.0)-1.0

DO 100 L=1,NB

. AB=A®A+B*B ‘
SQ=(AB+4 . ¥SX® (SX+S) /S/S-2. ®A9Bo(1.+2 . 9SX/S)) 9°0.5
E4=A®A-BSB. o L
" DUM1 (1)=DEXP(~B®B0)

DUM1 (1)=E42DUM1(1)/5Q
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DUM12=DEXP(-$% (XLA® (A+B) +XLB*SQ) /2.0)
DUM1 (2) =DUM12% (A+B)
DUM1 ( 3) =DEXP (-S*XLB*SQ) .
DUM1 (3)=(1.-DUM1(3)®(1.+S°XLB*5Q/2.)) *DUM1(1)
DUMS=DEXP (~$?XLZ¢ (A-B))
DUMI (4) =DUM12# (A+B) ¢ (1-DUMS® (1.+S°XLZ*(A-B)/2.))
DO 50 K=1,4 o
DUM2 (K)= DUM1 (K)*D+DUM2 (K)
DUM1 (K)=0.0
50 CONTINUE
B=B+D
100 CONTINUE
=DEXP (~A®A0)
DUM2(1)= DUM2(1)®Y
DUM2(3)=DUM2(3) %Y
DO 150 K=1,4
DUM3(K)= DUM2 (K) *C+DUM3 (K)
DUM2(K)=0.0

150 CONTINUE
A=A+C _

200 CONTINUE
J4=(S5¥SODUM3 (1) ® ((XLA®XLZ)#°1.5)) /2,
J5=(DUM3(2) #$#S* (XLA®XLB) **1.5) /2.
T1=(S*S*DUM3 (3) * ((XLA®XLZ) #*1,5)) /2.
T2=(DUM3(4) *S¢S¢ (XLA®XLB) #*1.,5) /2,

WRITE (6,1020) J4,J5,T1,T2
1020 FORMAT (4F10.6)
RETURN
END
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SUBROUTINE NUMIN2 (XLA,XLB,XLZ,R,R0)
C 3CENTER, A PROGRAM TO CALCULATE A 3 CENTER COULOMB
C INTEGRAL FOR MAGNETIC EXCHANGE CALCULATION
C FOR DETAILS SEE L. SNIVELY
C (A) (Z) __(B)
C LAMBDA=A,B EXPONENTuMU=Z EXPONENT
C THETA=ANGLE BETVEEN A-Z AND Z-B AXES
IMPLICIT DOUBLE PRECISION (A-H,J,0-Z)
DIMENSION XI(7),XJ(7),XK(7),XL(7),E(T),P(5),Q(5), P1(5) w(2), XN(Z).
CA1(5),A22(5) ,A3(5) ,A4(5),D(20),B(20) ,BP(5),D1(5) ,D2(5) ,F(7),6(7)
COMMON J4,J5,T1,T2,T3,T4,C2,NA,NB, AMX
X=(XLA+XLZ) *R/2.0
Y=(XLA-XLZ)%R/2.0
X1=DEXP(-X)
P(1)=1.0 "
E(1)=1.0/X
B(1)=1.0
.B(2)=0.0
D(2)=Y
DO 5 I=2,7
E(I)=E(I-1)/X
5 CONTINUE '
' DO 10 KI=3,20
B(KI)=B(KI-2) / (KI®(KI-1)) . .
D(KI)=D(KI-1)¢Y
10 CONTINUE
IS=1
DO 20 KI=1,7
 XDUM=0.0
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. NJ=21-KI
DO 15 KJ=1,NJ
XDUM=XDUM+D (KT ) SB(KT)
B(KJ)=B(KJ+1) “DFLOAT (KJ)
15 CONTINUE |
XI(KI)=XDUM®2,0°IS
IS=-1IS ’
20 CONTINUE
C B=INTEGRAL(-1 TO +1) OF (I-1)TH LEGENDRE POLY
C FOLDED V/ EXP(-Y®BETA)
C BP=SAME, WITH BETA®%2 IN INTEGRAND
B(1)=XI(1)
BP(1)=XI(3)
B(2)=XI(2)
BP(2)=XI(4)
B(3)=1.5%XI(3)~0.5%XI(1)
BP(3)=1.5%XI(5)-0.5°X1(3)
B(4)=2.5%XI(4)~1.59XI(2)
BP(4)=2.5%X1(6)-1.5°XI(4)
B(5)=35%XI(5)/8-30°XI(3)/8+3°XI(1)/8 -
BP(5)=(35°XI(7)~-30°XI(5)+39XI(3))/8
DA=(AMX-1) /NA
DB=2.0/NB
T3=0.0
T4=0.0
€2=0.0
C T3=A(1)9Z(1)9Z(2)°B(2) /R12
C T4=A(1)°Z(1)*A(2)*B(2)/R12
C C2=A(1)°Z(1)°A(2)*Z(2) /R12
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A2=1+DA/2"
DO 500 I=1,NA
X2=DEXP (-A2°X)
XI(1)=X1%E(1)
.XT(1)=X2°E(1)
XI(2)=X12(E(1)+E(2))
XT(2)=X22(A2°E(1)+E(2))
XI(3)=X1%(E(1)+22E(2)+2¢E(3))
XT(3)=X29(E(1)°A2%52.0
C+2%E(2)*A2+2°E(3))
XI(4)=X12(E(1)+3°E(2)+6°E(3)+6°E(4))
XJ (4)=X29(E(1)®A2°¢3
C+3°E(2) ®A2992+6%E(3) *A2+6°E(4))
XI(5)=X1?(E(1)+4°E(2) +12°E(3) +24°E(4) +24°E(5))
XJ(5)=X2%( ' .
CE(i)°A2°°4+4°E(2)°A2°°3+12°E(3)°A2°°2+24°E(4)°A2‘
C+24°E(5)) :
XI(6)—x1°(E(1)+5°E(2)+20°E(3)+60°E(4)+120°E(5)+120°E(6))
XT(6)=X2% (E(1) ®A2995+55E(2) ®A2924+20°E(3) °A20¢3+60°E(4) ®A2002
C+120¢E(5) *A2+120°E(6)) |
XI(7)—X1°(E(1)+6°E(2)+30¢E(3)+120°E(4)+360°E(5)+720°E(6)
C+720°E(7))
, XJ(7)—X2¢(E(1)°A2°°6+6 0SE(2) 9A29¢5+30,0°E(3) ®A2094+
C120°E(4) °A2003+360°E(5) ©A2092+720°E(6) *A2+720°E(7))
XD=0.59DLOG( (A2+1) / (A2-1)) :

C NEXT CALCULATE EXP’L INTEGRALS

DO 50 JJ=1,2
W(IT)=X*(A2-142¢(JJ-1))
IF (W(JJ).GT.10.0) GO TO 46 .




45

46

41

48
50

60

70
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DXN=W(JJ) -
DXNN=W(JJ)
DO 45 KK=2,30

DXNN=—DXNN®W(JT) © (KE-1) / (KK#22)

DXN=DXN-+DXNN
CONTINUE.

XN(IJ)=—0.577215664-DLOG(W(JI))+DXN

GO TO 48
NW=DINT(W(JJ))
DXN=1.0

DXNN=1.0
DO 47 NN=1,NW
DXNN=-DXNN®NN/¥(JJT)
DXN=DXN+DXNN
CONTINUE
XN(JJ)=DEXP(~-W(JT)) *DXN/W(JIJT)
CONTINUE
CONTINUE o
YI=XN(2)/X1-XN(1)*X1
YYI=XN(2) /X1+XN(1)*X1 .
G(1)=E(1)
DO 60 LL=2,7

G(LL)=-(LL~1)*G(LL-1) *E(1)

CONTINUE

F(1)=YI
F(2)=YYI

DO 70 LL=3,7

F(LL)=F(LL-2)+( (~1) ¢9LL) ©29XJ (LL~2)

CONTINUE
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XL(1)=F(1)*6(1)
XL(2)=F(2) %G(1)+F(1)*G(2)
XL(3)=F(3)*6(1)+29F(2) %G(2)+F(1)%G(3)
XL(4)=F(4)*G(1)+3°F(3)2G(2) +3%F(2) ®G(3) +F(1) *G(4)
XL(5)=F(5)9G(1) +45F(4) %G(2) +6°F(3) 5G(3) +4°F(2) %G (4) +F (1) %G(5)
XL(6)=F(6) %6 (1) +59F (5) 6G(2) +10°F (4) 06(3) +
C10°F(3)2G(4) +59F(2) *G(5)+F(1)%G(6)
XL(7)=F(7) %G(1) +6°F(6) 6(2) +15°F (5) °G(3) +20°F (4) 9G(4) +15°F (3) °G(5)
C+6°F (2) *G(6)+F(1)2G(7) ' '
DO 90 LL=1,7. |
XK (LL) =XD¢XJ (LL)+0.59XL(LL) (1) ®*(LL-1))

90 CONTINUE E k
A1(1)=XK(3)
A1(2)=XK(4)-XT(3)
A1(3)=1.59XK(5)-0.5°XK(3)-1.5%XT(4)
A1(4)=2.59XK(6)~1.5°XK(4)~2.59XF(5)+XJ(3)%(2.0/3.0)
A1(5)=(35°XK(7)~30°XK(5) +39XK(3))/8

C-(35.0/8.0) 9XJ (6)+(55.0/24.0) 9XJ (4)
A22(1)=XI(3)-XT(3)
A22(2)=XI(4)-XT(4) .
A22(3)=1.5%(XI(5)-XJ(5))-0.5¢(XI(3)-XJ(3))
A22(4)=2.58 (XI(6)-XT(6))-1.5%(XI(4)-XI (4))
 A22(5)=(35¢XI(7)-30°XI(5)+3%XI(3))/8
C-(359XT(7)-309XT (5) +3°XT(3))/8
A3(1)=XK(1) '
A3(2)=XK(2)-XJ (1)
A3(3)=1.5°XK(3)-0.5%XK(1)-1.59XT(2)
A3(4)=2.59XK(4)-1.59XK(2)~2.5°XJ(3) +XI (1) #(2.0/3.0)
A3(5)=(35%XK(5)~30XK(3)+3°XK(1))/8
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 C-(35.0/8.0)*XT(4)+(55.0/24.0) °XJ (2)
" A4(1)=KI(1)-XJ(1)
A4(2)=XI(2)-XT(2) .
A4(3)=1.59XI(3)-0.59XI(1)~1.5%XT(3)+0.59XT (1)
A4(4)=2.59XI(4)-1.59KI(2)~2.55XT (4)+1.59XT(2)
A4(5)=(35XI(5)-30°XI(3)+3°XI(1))/8 '
C-(359XT(5)=309XJ(3)+3°XT(1))/8
P(1)=1.0
P(2)=A2 |
P(3)=1,50A2692-0,5
P(4)=2.59A2993-1- 50A2.
P(5)=(359A2954-30°A2052+3) /8
Q(1)=0.5*DLOG( (A2+1)/(A2-1))
Q(2)=Q(1)*P(2)-1
Q(3)=Q(1)°P(3)-1,5%A2
Q(4)=Q(1)¥P(4)-2.59A2¢%2+(2.0/3.0)
Q(5)=Q(1)*P(5)-(35.0/8.0) ©A2°23+(55,0/24,0) ®A2
DO 100 M=1,5 .
D1(M)=(29M~1) ®B(M) * (AL (M) °P (M) +A22 (M) °Q(M)) .
D2 (M) =(25M-1) BP (M) > (A3 (M) 5P(M) +A4 (M) 5Q(M) ) _
100 CONTINUE
B2=-1.0+DB/2
DUM1=0.0
DUM1A=0.0
DUM1B=0.0
DO 400 J=1,NB
P1(1)=1
P1(2)=B2
P1(3)=1.5%B2992-0.5
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P1(4)=2.5%B2°¢3-1.5°B2
P1(5)=(35%B2°%4-30°B2°%2+3) /8
$S=A2¢A2+B2B2
$Q=(SS+4- RO (R+R0) /R/R-2, ®A2°B2°(1.+2, °R0/R))°°0 5
EX=DEXP (-0 . 5%R? (XLZ® (A2-B2) +XLBSQ) )
EXA=DEXP(~-0.5°R® (XLA® (A2+B2) +XLB*SQ))
EXB=DEXP(-(X¢A2+Y¢B2))
. DUM2=0.0
DUM2A=0..0
DUM2B=0.0
DO 150 M=1,5
DUM2=DUM2+EX°(D1(M)-02(M))°P1(M5°(A2°92—Bzocz) ,
DUM2A=DUM2 A+EXA® (D1 (M) -D2 (M) ) ¢P1 (M) ¢(A2¢02-B2902)
DUM2 B=DUM2B+EXB¢ (D1 (M) -D2(M) ) 5P1(M) © (A2°#2-B29062)
150 CONTINUE
DUM1=DUM1+DUM2°DB
DUM1A=DUM1A+DUM2A®DB
DUM1B=DUM1 B+DUM2B*DB
B2=B2+DB
400 CONTINUE
T3=DUM19DA+T3
T4=DUM1A®DA+T4
C2=DUM1B*DA+C2
- A2=A2+DA
500 CONTINUE
T3=T3% (Re®5, ) © ( (XLA®XLZ9XLBOXLZ) %01.5) /8.0
T4=T4°(R®®5, ) ( (XLASXLA®XLZ®XLB) ©¢1,5)/8.0
C2=C2%(R925.,) ¢ ((XLA®XLZ) %*3.) /8.0
WRITE (6,1060) T3,T4,C2




1060 FORMAT (3F12.6)
RETURN
END
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SUBROUTINE NUMIN3 (XLI,XLZ,XLS,XL4.R1,RpS,SX,IAQ)
4CENTER, ' A PROGRAM TO CALCULATE A 4 CENTER COULOMB
INTEGRAL FOR MAGNETIC EXCHANGE CALCULATION
FOR DETAILS SEE L. SNIVELY .
(A) (2) (z") (B)
LAMBDA=A,B EXPONENTuMU=Z EXPONENT
THETA=ANGLE BETWEEN A—Z AND Z-B AXES
IMPLICIT DOUBLE PRECISION (A-H,J,0-Z)
DIMENSION XI(7),X¥(7),XK(7),XL(7),E(7),P(5),Q(5),P1(5),¥(2),XN(2),
CA1(5) ,A22(5),A3(5) ,A4(5) ,D(20) ,B(20) ,BP(5) ,D1(5) ,D2(5) ,F(T),6(7)

C Ri IS THE DISTANCE BETVEEN THE ENDS OF Ra AND Rb ie. THE INITIAL
C INTEGR. PTS,

COMMON 34,J5,T1,T2,T3,T3,C2,NA,NB, AMX
X=(XL1+XL2) R1/2.0
Y=(XL1-XL2)*R1/2.0
 X1=DEXP(-X)
D(1)=1.0
E(1)=1.0/X
B(1)=1.0
B(2)=0.0
D(2)=Y
DO 5 I=2,7
E(I)=E(I-1)/X
5 CONTINUE
DO 10 KI=3,20
B(KI)=B(KI-2) /(KI®(KI-1))
D(X1)=D(KI-1)*Y
10 CONTINUE
1S=1.
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DO 20 KI=1,7
XDUM=0.0
NT=21-KI
DO 15 KF=1,NJ
XDUM=XDUM+D (KJ ) “B(XJ)
B(KJ)=B(KJ+1) *DFLOAT (KJ)
15 CONTINUE
XI(KI)=XDUM®2.0*IS
IS=-IS |
20 CONTINUE :
C B=INTEGRAL(~1 TO +1).OF (I-1)TH LEGENDRE POLY
C FOLDED W/ EXP(-Y®BETA)
C. BP=SAME, WITH BETA®%2 IN INTEGRAND
B(1)=X1(1) ' |
- BP(1)=X1(3)
B(2)=XI(2) -
BP(2)=XI(4)
B(3)=1.5%XI1(3)-0.5%XI(1)
BP(3)=1.5%XI(5)-0.5%XI(3)
B(4)=2.5°XI(4)-1.59XI(2)
BP(4)=2,5¢XI(6)~1.5*X1(4)
B(5)=35¢XI(5)/8-30%XI(3)/8+3%XI(1)/8, -
BP(5)=(35%XI(7)-30%XI(5)+3%X1(3))/8
DA=(AMX-1) /NA '
DB=2.0/NB
T3=0.0
T4=0.0
€2=0.0
C T3=A(1)*Z(1)%Z(2) *B(2) /R12
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C T4=A(1)%Z(1)*A(2)=B(2)/R12
C C2=A(1)*Z(1)=A(2)*Z(2)/R12

A2=1+DA/2

DO 500 I=1,NA

X2=DEXP(-A2%X)

XI(1)=X1*E(1)
X¥(1)=X2*E(1)

XI(2)=X1*(E(1)+E(2))
XY (2)=X2%(A2%E(1)+E(2))

XI(3)=X1%(E(1)+22E(2)+2*E(3))
XJ(3)=X2%(E(1)»A2%%2.0

C+2*E(2)*A2+2%E(3}))

XI(4)—X1¢(E(1)+3¢E(2)+6*E(3)+6¢E(4))
XT(4)=X2%(E(1) ®*A2%33

C+39E(2) *A2¢92+6*E(3) ®A2+6°E(4) )

XI(5)—x1*(E(1)+4¢E(2)+12¢E(3)+24*E(4)+24*E(5))
XT(5)=X2%(

CE(1)*Az**4+4°E(2)*A2°¢3+12*E(3)¢A2¢*2+24¢E(4)*Az

C+24°E(5))

XI(6)-x1¢kE(1)+sﬁE(2)+20¢E(3)+60¢E(4)+120*E(5)+120*E(6))

XI(6)—X2*(E(1)*A2¢¢5+5*E(2)*A2$°4+20*E(3)$A2°°3+60°E(4)0A2°°2

C+120*E(5) ®*A2+120*E(6))

x1(7)-x1¢(E(1)+6¢E(2)+somE(3)+1zo¢E(4)+360*E(5)+720¢E(6)

C+720%E(7)) -
XJ(7)=X2#(E(1) *A29%6+6. 0°E (2) #A2555+30,0%E(3) ®A20¢4+ -

C120°E(4) *A20%3+3609E(5) "A2992+4720°E(6) A2+720E(T))

XD=0.5*DLOG( (A2+1)/(A2-1))

C NEXT CALCULATE EXP'L INTEGRALS -

DO 50 JJ=1,2




45

46

417

48
50

60
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W(IT)=X*(A2-1+2°(JT-1))
IF (W(JJ).GT.10.0) GO TO 46

DXN=W(JT)

DXNN=W(JT)
DO 45 KK=2,30
DXNN=-DXNN®W(JJ) S (KK~-1) / (RK®%2)
DXN=DXN+DXNN
CONTINUE
XN(JJT)=-0.577215664-DLOG(W(JT)) +DXN
GO TO 48 ' ‘
NW=DINT(W(JJ))
DXN=1.0

DXNN=1.0
DO 47 NN=1,NVW
DXNN=~DXNNONN/W(JT)
DXN=DXN+DXNN
CONTINUE
XN(JT)=DEXP(~W(JJ)) *DXN/W(JJ)
CONTINUE
CONTINUE
YI=XN(2)/X1-XN(1)*X1
YYI=XN(2) /X1+XN(1) 9X1
G(1)=E(1)
DO 60 LL=2,7
G(LL)=-(LL~1) 6(LL~1) ®E(1)
CONTINUE
F(1)=YI

F(2)=YYI
PO 70 LL=3,7
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F(LL)=F(LL-2) +( (-1) ®9LL) 929XJ (LL-2)

CONTINUE

XL(1)=F(1)*G(1)

XL(2)=F(2) #G(1)+F(1) %6(2)
XL(3)=F(3) 96(1) +29F(2) 96(2)+F(1) °G(3)

XL(4)=F(4) %6(1) +35F(3) 96(2) +35F (2) 96(3) +F(1) *G(4)
XL(5)~F(5)°G(1)+4°F(4)*G(Z)+6*F(3)°G(3)+4°F(2)°G(4)+F(1)°G(5)
XL(6)=F(6) *G(1) +5°F (5) 5G(2) +10°F (4) 9G(3) +
C10°F(3)%G(4) +59F(2)5G(5)+F(1)°6(6) - o
XL(7)=F(7) 96(1) +6°F(6) %G(2) +155F (5) 5G(3) +20°F(4) 9G(4) +159F(3) °6(5)
C+69F(2)2G(6)+F(1)2G(7) '

BO 90 LL=1,7

XK (LL)=XD®XJ (LL)+0.59XL(LL) % ((-1) ©9(LL-1))

CONTINUE ' ' ‘

A1(1)=XK(3)

A1(2)=XK(4)-XJ (3)

A1(3)=1.5°XK(5)~0.5°XK(3)-1.50KT(4)
A1(4)=2.5%XK(6)-1,5%XK(4)-2. 5*XJ(5)+XJ(3)°(2 0/3.0)
A1(5)=(35%XK(7)-30°XK(5) +3%XK(3))/8
C-(35.0/8.0) SXT(6) +(55.0/24 .0) *XI (4)

A22(1)=XI(3)-XT(3) |

A22(2)=XI(4)-X3 (4)

A22(3)=1.5%(XI(5)-XJ(5))-0.5%(XI(3)-X(3))
A22(4)=2.5¢(XI(6)-XJ(6))-1.5%(XI(4)-XI(4))
A22(5)=(359XI(7)-30°XI(5)+3°X1(3))/8

C-(350XT(7)-30°XJ (5)+3°XF(3))/8

A3(1)=XE(1)

A3(2)=XK(2)-XJ (1)

A3(3)=1.59XK(3)~0.50XK(1)-1.5%KF(2)
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A3(4)=2.59XK(4)-1.5%TIK(2)-2.5¢XT(3)+XT(1)%(2.0/3.0),
A3(5)=(35XK(5)~309XK(3)+3°XK(1))/8 -
C-(35.0/8.0) *X7(4) +(55.0/24.0) #X3(2) -
A4(1)=XI(1)-XJ(1)
A4(2)=XI(2)-XJ(2) ,
A4(3)=1.5°X1(3)-0.5%KI(1)-1.5¢%T (3)+0.5°XJ (1)
A4(4)=2 .5%XX(4)-1.59XI(2)-2.52XT(4)+1.5°XT(2)
'A4(5)=(359KI(5)-305XI(3)+3°XI(1))/8 -
C-(355XT(5)-30%XT (3)+3%XT(1))/8
P(1)=1.0
P(2)=A2
P(3)=1.5%A2692-0.5
P(4)=2.59A2293-1 ,5%A2
P(5)=(35%A2°4-30%A29¢2+3)/8
Q(1)=0.5°DLOG( (A2+1) / (A2-1))
Q(2)=Q(1) *P(2)-1
Q(3)=Q(1) *P(3)-1.5%A2 .
Q(4)=Q(1) *P(4) -2 .5%A29¢2+(2.0/3.0)
Q(5)=Q(1)*P(5)-(35.0/8.0)2A25%3+(55,0/24 .0) ¥A2
DO 100 M=1,5 .
D1 (M)=(2M~1) “B(M) ¢ (AL (M) *P (M) +A22 (M) *Q(M) )
D2 (M) =(2¥M-1) *BP () © (A3 (M) =P (M) +A4 (M) *G(}) )
100 CONTINUE | ' -
B2=-1,0+DB/2
DUM1=0.0
DO 400 J=1,NB
Pi(1)=1
P1(2)=B2
P1(3)=1.5%B29¥2-0,5




110
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140

150

400
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1060
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P1(4)=2.59B2553-1.5%B2
P1(5)=(35%B2%54-309B2%%2+3) /8
$S=A20A2+B2°B2
QA=S+SX
AB2=2,0%A2%B2
IF (IAQ .EQ. 1) GO TO 120
IF (IAQ .EQ. 2) 60 TO 110
SQ1=0A/2. % (SS+AB2¢ (SX-S) /QA-4 . ¢S5SX/QA/0A) 20,5
SQ2=0A/2.%(SS-AB20(1.+2.,¥S/QA) +4. “S¥R/QA/QA) 520, 5
GO TO 140
SQ1=S/2. % (SS-AB2% (1.+2.9SX/S) +4 . ¥SXQA/S/S) 5%0.5
SQ2=8/2.%(SS-AB22(1.+2.%GA/S) +4. “QA®R/S/8) %50 .5
GO TO 140 '
SQ1=R/2.%(SS+AB2#SX/R-4 . *SSQA/R/R) 90,5
SQ2=R/2.%(SS-AB2°SX/R—4. *S%QA/R/R)#20,5
_ EX=DEXP(-XL355Q1-XL45Q2)
DUM2=0.0 ‘
DO 150 M=1,5

'DUM2=DUM2+EX°(Dl(M)-DZ(M))*Pl(M)*(AZ*?Z—BZ*52)

CONTINUE |

DUM1=DUM1+DUM2 *DB

B2=B2+DB

CONTINUE'

T3=DUM1*DA+T3

A2=A2+DA

CONTINUE |
T3=T3#(R1%%5,) ((XL1XL29XL3*XL4) 991.5) /8.0
WRITE (6;1060) T3

FORMAT (F12.6)




RETURN
END
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