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INDIRECT SPIN COUPLING IN NiAS TYPE MAGNETIC
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NAmONAL Cuemicar, Lavozatony, Toona-8

(Receéved, December 20, 1962, Resubmutted on Apr il 16, 1963)

ABSTRACT. A theorelical study of the spin coupling in the magnelic compounds

erystullizing with N1As structure is made lollowing the spin polarization mechamsm developed
carlior.  For this puipose, & soven centre unit of the erystal, 1.0, & Lrigonal prism with the six
mugnetic ions atl the cornos nnd tho anion atl tho centro. 18 choson  Smee thus mechanmirm
operatos through the empty orbitnls of the wystem, crystal ficld ealeulaiions for the empty
orbrtuls on the central 1on (excitation model) and empty orbitals on {he metul 10ns (charge
translor model), uro carriod out, A semi-quantilative estiute of the A-0O-B, A-O-C and
A- O D mteractions (wheie A, B, ¢!, D represont the magnetie jons at tho various corners of
the trigonal prism and O stonds for the anion at the centre) on Ulus mechanwm gives resulis
n gonoral agreoment with the ohserved magnetic behaviour of {he systems.

INTRODUCTION

Magnelic compounds crystallizing with NiAs structure present a difficult
system for theoretical studies of magnetic indirect exchange interaction (Kramers
1934) While some compounds are antiferromagnetic (c.g. CrS, CrSe, MnTe,
rSh, ete ) others exhibit ferromagnetic ordering (e.g CrTe, MnAs, MnSb) (Lotger-
ing and Gorter 1957) The previous predictions (Anderson 1950) that cations
having less than half filled d shells will couple ferromagnetically via the anion do
not fit with the above systems (c.g. CrS and CrTe assuming that in both Cr has
d* configuration). Similar difficulties arc encountered when one attempts to
rationalize such systems with the help of some recent suggestions (Anderson 19569,
Wollen 1960.).

In what follows, we study the spin coupling in these systems on the basis of
mechanisms recently developed by one of the authors and co-workers (Koide
and Sinha 1959, Koide, Sinha and Tanabe 1959) and applied to different types of
structures (Sinha and Koide 1960, Sinha 1961, Sinha and Sinha 1962). Tn esscnce,
the mechanism takes into account the spin polarization of the anion electrons and
the delocalization of the cation clectrons operating through the agency of an
ortho-normalized set of empty orbitals for the unit chosen with respect to the
occupied anion and cation orbitals. For actual calculations, however, only a few
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excited low lying orbitals are considered in that others will not be important
becanse of large onergy denominators.

CITOTCE OF THEORETICAL MODEL

TFor this purpose, first a brief description of N1As typo structurc is in order.
The structure is hexagonal (Pg/mme or D4y,) with each type of atom  surrounded
by siv of the other.  The anion or metalloid (e.g S, Te or As) ig surrounded by six
metal dons (e.g Cr¥ or Mn?') at apices of a trigonal prism. The metal ion,
on the other hand, is surrounded octahedrally by six anions which are the imme-
dinte neighbours with two metal ions which are relatively closer than other metal

ions,

The appropriate unit, for deseribing the cation-cation and cation-anion-cation
interactions lor this system scems to he one trigonal prism with the metal ions
at the corners and the anon at the eentre.  The unit chosen is shown in Fig, 1.
The point symmetry group of this unit is Dy,. Likewise lor the cation, the
pomnt symmetry group is a superposition of octahedral (due o six anions octahedral-
ly co-ordinated) and the axial symmetry (owing to the presence of two cations one
above and the other below lying on the <IIT> axis of the octahedron defined
by the anions). In classifying the atomic orbitals of the amon and cations we
shall make use of the crystal field pertaining to the appropriate point symmetry
groups as described¥above (Fig. 2 [or eation swrrounding)

[
F
D B 1
5 Y
c A
Ing. 1. Goomotry of the odel chosen. Fig. 2. Disposition of {he anion octaledron
Open circlo reprosonts umon or metallowd and and the two nowsrest neighbour metal 10us
full circle a meotul ron. around the centrul 1on.

For the classification of anion orbitals (e.g. To, Se, 8) in tho appropriate sur-
rounding the outermost shell is taken into consideration i.e. ns® np® (the orbitals
in (n—1) shells downwards will be treated as constituting the ion core). The
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§*p® descriplion is not convenient for the present wub and hence we have
to take mto account the hybridisation of sp orbitals, 1f we consider the z axms
a5 the Ime passing through the anion 0 and normal to the planes defined by the
three cations above and below, then the following choice of orbitals seems appro-
priate : p; and the three tngonal orbitals oy, o, Ty, gven by,

01=\/%s+\/§p¢ e ()
02=V§8-Vép,+-\/%m e (2)

7= ge-Vgrin e (3)

The advantage of the above choice is that cach of the o's pomts mud-way
towards the two eations lying on the vertical edges of the bigonal pusm (c.g. AB)
Wil 2, pussing through the principal axis of symmetry. Thus the ouber clee-
tronic contiguration considered here amounts to 1;,2 oot oy, In view of the
cquvalence ol oy, 0y and o, wo shall choose only one of these orbatals along with
Pz 1 ¢. the conliguration np* no,? lor deseribing the spin coupling w1 the subse-
quent caleulations.

We now consider exeitod orbitals for an electron centred on the amon and
moving in s field as well as the ficld of the cations at the corners of the trgonal
prism.  For {lus purpose, one electron of the anion is asswmed to be promoted
to excited orbitals, the cneigies of the various orbitals bemg caleulated as i an
atom under the mtuence of the crystal field. To fix ideas, let us first consider
the possible excibed orbital configurations for the ons 8%, Se*~ and Te?-, For
&%= the occupied outer shell configuration is 3s* 3p® and hence the low lyng
excited orbrtals to be considered on this ion are 4s and 3d. Likewise, tor Se®-,
with outermost filled shell structure 4s%4p8 the possible ecmptly obitals are 5s
and 4d. On the other hand, for Te*~ with 5s® 5p® the possible cxeiled empty
orbitals will be 6s, 4f. Of these, the d and f orthitals will undergo splitting
under the influence of the trigonal crystal field. A rough estimate of this
will be given now.

For the point group Dy, the expression ol the crystal filed 1s given by (Low
1960)

VDy = A% YO+ ALY QALY LA ALY +BYY S | Ye%) o o (4)

where 4’s and B’s are the coefficients and ¥’'s arc the normalized spherical harmo-
nics. Tho cocflicients for ecach system were determimed by evaluating the expres-
sion given by Low (1960), the cations at the vorners being treated as positive point
charges. The effeet of the first term in (4) is to give a constant shift of all the
orbital levels. The other terms do not effect the s orbitals. The orbitals which
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are most cffected are the d and f.  The sphitting of empty d orbitals for S2- and
Se?- is shown in Fig. 3. A similar caleulation for 4f empty orbitals on Te?- yields
the level scheme as shown in Fig. 4.

vx(l'—!y') (&)
Yoty ()
Yol y?) (E")
Yty (A

Yoty (an
Fig. 3 Level schemo for a 3d electron in Tig. 4. Lovel schomo for an f electron 1 Vg,
_cryutnl fiold wilth Dy symmetry.

The splitting of the cation occupied and empty orbitals (e g. for Cr2+ or Mn2+)
are deternmed for an octahedral field duc to six anions and an axial field due to
two cations lymg on -ZJ11> axis (i.e. z) one above and the other bolow. The
crystal field is expressed as

V="V+V, e (5)
= ALY+ APY I+ A0Y 0+ D0 [ Y— o [0 ((vptv) ]+
0" Yo +A4:"Y "+ 4, Y °+ Dy 4 7(4+Y4 J—I ... (6)
For the case of d* type ions (e.g. Cr3+ or Mn3+) one can calculate the splitting for

a positive d electron hole in d® configuration. The level scheme calculated on
this basis turns out to be as shown in Fig. 5.

3d
dxz, dyz

by eyt

1ig. 5. Lovel schomo for d clection of a d4 10n placed 1 tho crystal field olsymmetry of Fig. 2.

Thus for a weak field case the four electrons of d4 type ion will be distributed
in the low lying orbitals d,, dx:--y?, dg;, dy, and the hole will exist in the upper
d,2 orbital. For df ion (i.e. Mn2+), all the orbitals will be singly occupied.

Further among the low lying empty orbitals for d® (e.g. Mn*!) ion i.e. 48
and 4p, calculations based on the potential given by oq. (5) shows that the
p. orbital is depressed whereas p, and p, are pushed up, the s orbital being un-
affected by the axial field.

As suggested before (Koide, Sinha and Tanabe 1959, Sinha 1961), the excited
orbitals which are involved in the eleciron transition in the present mechanism
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are selected both on the ‘excitation model’ as well as “charge transter model’.
The orhitals on the anions which are made available as a result of erystal field
depressions constitute the orbitals according to the eacttation model.

Tn the eharge transfer model, we take such linear combimations of the cmply
cution orhitals (e.g. d,2, &, cte. ond! type sons and p,, s cte on d® Lype 1ons) which
belong to the varous mreduable representatsons of the pomt sy mmetry group
of the wwit chosen  For the bigger seven centre system (see Fig, 1) one has Lo
classify such orhitals based on the pount. gronp 1y, However, the calenlations
for a ten election system for this wumt. (1 ¢ {our electrons from the central 1on and
one each from the catrions) will hecome unwieldy  We shall, therelore. study
the interactions between the various ions separately, namely, A-B, A-(! and A-D
via the central ton (see Fig 1), We shall classily such orbitals for cach dicatio-
ni¢ unitb accordmg to the relevant symmetry element. present.

In {he case of systems sueh as (S, CrSe, CeTe, the emptly orbitals on the metal
ons ate of even symmetry namely, 34,2 and will he denoted by d, where k stands
for (a, b, e d, ele)). The appropriate molecular orbitals formed for each di-cationie
unit will he orthogonalized with respeet 1o the py(= p.) and o(—o,) orintals of
the contral ion,

Thus for A-B unit we have

V"q(‘l) == (de+dy ‘2""11.”0)/\/2“ —2+2%,) o (7
Guld) = (da—dy - 25a,00) [v/2(1 ~ 25,,%) e (8)

where the symmetry clement is taken to bo the reflection in the ay plane passing
through the central ion; ¢ and « stand {or even and odd respectively and

80 = < dyloy>, Say = <7 (da] po > e (9)

are the overlap mtegrals.  Owing to overlap considerations, the role of oy orhital
is not expected to he mportant i the study of A-C and A-D interactions.  These
interactions will therefore he considered through the g, orbital of the central ion.
The molecular orbitals for other units can he expressed in the same manner.

Ia what follows, we first present the formal theory and then consider the
gpecific cases in the subscquent seetions.

FORMULATION OF [NTERACTION MECIHANTISM

For cach type of interaction under study, we choose a “three centre and a six
electron” system represented by M;OM,  Of these, four electrons belong to the
central ion and arve assumed to exist in the configuration p%a?,. Further, we
consider ono representative electron from each magnetic ion M, and M, and the
respective orbitals are denoted by w; and u,. The orbitals may be taken to be

3



422 K. P. Sinha, M. K. Sinha and U. N. Upadhyaya

cither dxz—y2, dyy or dy,, dyy. Two possibalities might exist; under reflection
in the plane hisecting normally the line joining the two metal ions or any appro-
priate rotation by 180° wo may have

R R
Uy €—PUy, OF Uy > —1Uy ... (10)

with R standing tor the appropriate symmetry operation. The set of excited
orbitals are formally denoted by ¢, ¢, With the above definition in mind,
the wave functions of the total system which constitute the cigenstates of the -

8% operator are wrilten below.

Ground State
Triplet :

[3¢ra>ou —= Bty wu)(Py)* Yo} - (11)
Singlet :
o> = H2uq wa)(py)? Ho)?} e (12)

Excited Slates --involving one clectron transition from p, orbital.

T'riplets .
[3ri(g, @)= a1, oo = "Mty Up) XDy P, u) H00)} - (13)
[2ralr, 1) v aa = 23 wa)® (Do By ) () - (14)
Swnglets
[ 1209, %) > v, 0 = " (P11 1) *(P0 Dy ) 1(00)%} e (15)

Ifor one clectron transitions from the o, orhital, we shall have similar expressions
as above except that the role of py and o, 15 interchanged The notations ev,
od denote the symmetry of the total wave function under the appropriate symmetry
operation.

The matrix elements of the Hanultonian (in atomic units e =k =m = 1)

H=x1+5x ! .. (16)
* <1 Ty

within the manifold given alove arc casily obtained following the methods of
carlicr papers (Sinha ef al. 1959 to 1962).

The cnergics ol the ground triplet and singlel states are given respectively
a8

By = By—J(u, u,) and 1E, = B, J(un,)

their mean heing Z,.  Likewse, for the cnergies of the various excited triplet and
singlet states we shall take a mcan fim = @, , neglecting the relatively small
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exchange integrals compared to coulomb and one election terms contamed
@y The singlet or triplel Jepressions, other than those due to direet exchango
J(uy uy) can bo expressed i the second order peetiabation of the varous zeroth
order ground states as a result of mteraction with the excited states (Suha et al )

l?E('.’/S k1) = 5 _<Sp,q;——.0 I IIJ SI,," z; 1 >F’b",," = | l I’l S‘,.“ ;?.0>
m ~ 4

(17)
Thus the sphtting of encrgics hetween the triplel and singlet can be expressed as
2J, — 10

— { DEET| <7L1¢al ulq')q_}» ,l,l % -J_l - u | u,'po_'_.»J '-'}
! l'/',,—Eu “ Eu_Eu

_},{ Tyl oy o 12 s d| gyl oy> |® }
" L, - I, ] B, -,

—~ 2T (wy uy) (18)

If we were 1o disregard the effeet of the direet exchange for the time bemg, the
couplng duc to the spin polarization mechanism (i.¢ terms m the curly brackets)
is dependent on the relative symmetry ol ground and exerted orbitals as well as
thewr encrgy duference.  Transitions between orbitals having the same xymmetry
stabilize the triplet state and those between orbitals of ditferent synmelry stabi-
hze the singlet state.  When the excited orbitals ¢, are centred on the anion,
they are automatically orthogonal to the ground state atomic othitals p, or oy,
However, for the molecular orbitals constituted as in (7) to (8) from the cation
empty orbitals the overlap integraly such as Sy, Sy, Wil be important.  Thus

{or the choice of orbitals as in (7) and (8), the hybrid exchange integrals of
the type <Cuy wy,, | #pg> take the lollowing speeific fornws .

Lty | o> — (< |1y A+ <tydy | Uy Py — 280, 1,0 | 14y pg >}
V2(1=28%) ... (19)

<ty | P> = {<uda | 13py> — <37ty [0y g™ —Zsyp Tty Po | Uy P>}
Ve(T=28%,) .. (20)

<ty | o> == { <ty | w0y > — <tgdy | 07> - 28, -Zuypy | o>}/
V21282, ... (21)

<uypy | wy0e> = { <ty | u,00> + <ty | 00> — 28, <uyoo| U0y >}
V20=28%) ... (22)
The intograls of the type <abfed>> represent the comlomb interaction (1/ry)
between the two charge densitics «*(1) h(1) and ¢*(2) d(2). The magutude of the
intograls oceurring on the left hand side of (19) to (22) will depend on the sign and
magnitude of the various integrals on the right hand side.  The integrals of the
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type <udyluypy>, <wdy|w,0,) and S-<uoy | uyp,> are expected to be negli-
gible owing 1o thew disposition and overlap consulerations.

We shall now discuss the specific interactions namely, AOB, AOC and AOD
hased on the concepls developed ahove.

APPLICATION TO SPHCIKFLIC CASES

TFirst, we consider the A-B interaction in the umt A-O-B. The symmetry
clement is reflection in the ay plane passing through 0 and bisecting normally the
line AB. The anon orbitals oy and p, (p;) have already heen descrihed (cf. equa- |
tions (1) to (3).  For the singly ocenpied cation orbitals w; and w, in the case of)
CrS, CrSe. CrTe, we choose dy: (d.;) which has the maximum overlap with the
amon orbitals. In the case of MnTe like systems, d 2 type orhitals will be
choosento represent «; and w,.

The ¢choee of empty orbitals on the amon and cations is guided by erystal
field depressions of the next shell orhitals — For CrS. CrSe, the empty orbitals on
the anion centre are taken to be d.. d,, (¢f Fig 3) both odd under the above
operation and for Ci'Te, the lowest is i, (322 —»?) bemg an even orhital, the others
lying appreciably higher up.  For empty orbitals on cations, 3dz® is taken for
Cr21 X2— system and 4p, for Mn?! X2 - systems. These orbitals have h(‘(‘l’l chosen
both from energy as well as overlap considerations.

Fig 6 Schematic represontation of tho g, and dy; orbitals for AOB mtoraction.

1t may be remarked that the cations are closest in AOB unit compared to
other umits.  Further from overlap considerations the occupied orbital of the anion
which partakes more strongly m the indirect exchange interaction is o, rather
than p, (See Fig. 6). The etfective exchange integral for this unit can be written
for CrS, CrSe (with de, standing for d,,, or d,;, on amon and ¢, or @, as given by
(7) and (8) d, being d,%) as

o7  _ [ 4] <ude, |umy> 2 | 4| <wyPy |w00> |2 _ 4] <u@g | UyTy> |
2y =7 R A ==

! AEe, AR, AE,
= 2J (g g) (23)
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Since optical oxperiments on sinnlar systems mdieato that anions cffectively
shicld the metal ions [rom one another (Casselman and Keffer 1960), the direct
exchange 1s expecled to be vory feeble.  We, thercfore, negleet Jo(u,us). The
terms in (23) owing to the excitation model i X 4| <uyde, | w,09> | 3/ARe,
stabilize the singlet state. The terms due to charge transfer aro hetler understood
on cxpanding the integrals in atomue orbitals,

dl<ugu|wey=|* _ 4] <udy [ woy> |2 (24)
AL, AB|2(1—28,2)]

_‘M_"J_—U":) 1 ~ 41{ <y |y > 28, ey | uyey 2 .~ (20)
AE, B2 28,7

Using Mulliken’s approximation (Mulliken 1953), we can write
Syl |uyey> = § 8y, (<udy |ugwy) + ugdy |oyoy >} e (26)

where 8y, —- uy o>, The mtegral of the type centred at one cation, will he
zero unless the azimuthal quantum numbers of the orbitals satisly (Condon and
Shortley 1953)

my(uy) -+ my(dy) = my(ug)+mylay) . (27)

This will have finite value only when the orbitals mvolved arve of the type d; 2,
g, cbe. Lor the present case when w1 dy; or d,,, and d = d,2, this mtegral vanshes.
Thus to a rough approxmmation

0T (ke (1  Lugde, | o> |2 28,2, < r ,
2T ylCrSe, ) = 4] 3 |“_1’A| Z,L‘Tﬁ_ g ..L : (1]‘1_"_1{,‘;,‘;2”;. l } 28)
¢ v -~ «

In view of the S,
whon u; — d, than when it 18 4,2, the last term m (29) will be rclatively small
compared to first terms  Thus the smglet state is likely to be more stabilized
and the coupling in CrSe, CrS will be antiferromagnetic.  For CrTe whoere the
oxcitation orbitals is f, — ¥, (3x* %) we get

2 factor and the overlap of w0 which is expectoed to be smaller

9 0Ty ~ 4] [ <ufalwog>|* 284, <uygo|wyoy> | #
2J,5 (C1Te) = 4{ S Nk } . (29)

The above, of course, always stabilises the triplel state and the coupling will be
ferromagnetic. While considering the case of Mnl'e, we recapitulate that w,
=d,2 and d; = p, and hence the mtegral <<u,d,|w,u,> is quite appreciable.
(Koide, Sinha and Tanabe 1959). Further the overlap denmity w0, is oxpected
o be quite appreciable, Howover, as shown hefore, the first and second {erms in
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(25) ncarly cancel cach other and accordmgly the effective exchange mtegral for
MnTe can he written as

2y (T =4 { 1 falao> | |<ullam= 1Y o)

7, AR,

In view of the large overlap ol 4,2, p, with o, and smaller energy denomination
il is expocled that the charge transfer model will he more importanti n
the present case and henee the second term in (30) will he of smaller magnitude.

Therefore (30) would stubilize the singlet state. i

For MnAs, MnSDh also, the charge transfer model will be more impnrtsm‘
owing to a high degree of covalency but the choiee of orbitals for %, and @, is the
same CiTe and accordingly the coupling 18 expected to be ferromagnetic. In
the case of CrSh, the metal ion ground state configuration will be d*, with d,2,
dyz» d., bemg pushed down and dy. d2 ,2 pushed up. For the eacited orbital
however, p, is pushed down owmg to crystal field effects.  Thus the chowee of «,
and d, is the same as MuTe and the charge transfer model would lead 1o a stahi-
lization of the singlet state.

Study of AO0C Tnteraction

As indicated helore, the role of o orbital of the central ion will not l.)c of im-
portance for the present unit as compared to the py orbitals — Further, usimg the
criterion of maximum overlap (in Fig. 7), the choice of u, Tor d* 1ons is d,2 2,
(day) On the same basis it can he seen that the excited orbital such as dy, (d25)
on the excitation model on S, Se, Te, ete. will have lessor significance than the
s orlatal 6o a certain extent. Thus for A-C interaction, we discusse the charge
transfer model and the s-orbital effect for the excitation model. Now py(= ;)
is an cven orbital under reflection in XZ planc. Henee for ¢ type ions (CrS,
rSe, Cr'le, MnAs, MnSb) with w, = d, 2_, 2, d, = d 2 the offective interaction
can be writlen as

‘ 28%p | < wpo| gy > |2 | | < wgs|uypy > |2 y
2.4 [ 2| S Uiy UPo > |7 ) 1< S [ WaPe 2 |
Mg =4 { AR (1--28%,) ! AE } @1)

which would always favour parallel coupling between A4 and ¢. The above is
also true for CrSh except that w, — d;2 and d, — d,2_,2. Inthe case of systems
such a8 MnTe, CrSb with d, = p, and noting that S, is likely to De negative
(See Fig. 7), wo havo

LY ) {I AR 2 | < wyda | w39y > 42| S | < wipo| wapo> |*
of AE, AE,(1728%,)

(32)

which assuming that AE, and AE, (1—282%,) arc comparable would bo negative
in sign and hence the parallel casc is again favoured. Ono can, therefore, conclude

_—
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that A-C mteraction is terromagnetic m all cases although the strength of the
mteraction will be weaker compared to A-B mteraction.

Fig 7 Schomatie representataon of the p, and g 8 Swmo as Kig. 7. for AOD mtor Gon.

dy 2.2 orbitals {or AOC miteraction

Study of AOLD Interaction .

Tu Ahis situation also the effective anion orbital would he py which is odd under
rolation by 180° around a-axis  With w, — 2,2, d, — 4,2 and cxatation
orbital s, the effcctave exchange mtegral for (S, CrSe, where exeitation model
is more unportant 1s given by

2d oy = | < wyslugp, > | }A, - (33)

and for the systems CrTe, MuAs, JuSh where the charge transfer mechanism 1s
expeeted to be important (cf. £ 6) 1t is

2oy =—2| < wydy | 0y py = | AR, e (34)

The former (¢f. eq. 33) favours antaferromagnetic stabilization and the latter (cl
eq. 34) lennomagnetic. For the systems MnTe, CrSh, with w, = d,2,d, = p,
the charge transfer process gives

2d yp = 2| <<uydy | uypy> | }|AE, e (35)

favourmg antaferromagnetic coupling hetween A and D. It may be noted that
the weaker AOD interaction is acting in the same direction as the A-B interaction
for the said systems.

CENERAL CONCLUSIONS

The foregoing analysis shows thal m the NiAs type magnetic compounds
the spin-polarization mechanism provides a reasonable explanation of the observed
spin coupling. It shows that the strongest mteraction based on tlus mechanisin
is A-O-B i.c. between the closest magnetic ions via the o orbital of the anion.
The A-O-C and A-O-D mteractions are feeble, the former always giving rise to
parallel alignment, the latter sirengthening A.0.B interaction.
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The details of these interactions can be classified under two hoadings, namely-
(1) Couplmg via excited orbitals belonging to the central 1on (exertation model)
and (2) Coupling via excited cationic orbitals (charge transfer model).

In deciding as to which of the two models plays a dominant role 1 specific
cases, we are guided by a rough idea of the energy denominators as well
as the hyhrid exchange integrals oceurring in the numerators (c.f. eq.
(22)).  Further, we now briefly asscss the energy denominators.  On the exeita-
tion model, the foregoing analysis tacitly assumes that only those excited empty
orbitals on the central 1on constitute a semilocalized bound state, which fare
depressed owing 1o the erystal field perturbations  In addition to the constynt
shift of all tho levels, the splitting of p, d or f levels will be of the order
of 2 10 5 ¢V, as the estimate made here and in earlier work shows (Sinha
et al. 1962). TFurther the energy denominators oceurring in equation (IS)
can e taken to be equal to the excitation energy to the appropriate oxeited orhital
(atomuc or molecular).  For the orbitals on the excitation model we estimate this
from atonuc energy states for the free 1ons (e g. S) (Watson 1958) plus 2]e| well.
Thus S~ ion m a crystal would he approximately equivalent to argon atom
along with additional corrections due to crystal ficld splittings.  For the charge
transfer model, we estimate the energy denominators as approxmmptely equal
to the energy involved in trausterring one electron from the anion to cation
which in turn is roughly derved from the appropriate ionization potential of
the metal 1on and the clectron aflinity of the amons.  (Koide, Sinha and Tanabe
1959). The tentative cstimates are indicated below :

Substance AE(excitation) AE(charge transfer)
CrS, CrSe 10 ev. >20 cv.
CrTe —15 cv. ~I15 ev.
MnTe ~15 ev. <15 ev,

From the above, it appears that in compounds such as CrS, CrSe or generally
Mz+ X2 (X Deing S and Se), the excitation model dominates and leads to antifer-
romagnetic coupling For MX where X is Te, As, Sh 1t scems that, in general,
the charge transfer model will dommate the excitation mechanism. In CrTe,
both may be equally important but they act in the samedirection.  This is quite
consistent with the stronger covalency in MTe, MAs, MSb etc. We have already
discussed before as to which of the hybiid exchange mtegrals are likely to be
important. A numerical estimate for the various exchange and overlap integrals
is not attempted keeping in mind the hopelessly difficult job of having an accurate
knowledge of the varous orbitals involved mn such systems. No Hartree-Fock
calculations are available except for some free transition metal ions. It is hoped
that a better knowledge of electronic orbitals in crystals mn future will render
it possible to make quantitative estimates.
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