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Exchange  Mechanisms  in  Europium  Chalcogenides 

Abstract: Superexchange  mechanisms,  which are mostly  responsible  for  the  nnn  exchange  constant I z  in Eu chalcogenides, are investi- 
gated  in detail. In contrast with the  usual 3d transition  metal  compounds,  the  Kramers-Anderson  mechanism  is  estimated to be  one 
order of magnitude too small to explain  the  experimental  results  due to a small 4f "-t 2p transfer energy. The mechanism  by  which a p 
electron  is transferred to a 5d state  through  the d-f  exchange interaction gives the  correct  order of magnitude  for Zz, with a negative 
sign,  even though it is a sixth-order  perturbation.  The  cross  term between the above  two  mechanisms  is  shown to be  nearly  as important 
as  the  second  mechanism and may  have a positive  sign. The  indirect  exchange  mechanisms,  in  which  the  anion p level  has no important 
role,  are  responsible  for the nn exchange constant Il.  The  phonon-assisted  mechanism  proposed by  Smit  is  estimated to be  more than 
one  order of magnitude  smaller than the  experimental  value.  The  d-f  mixing  term  is  proved to be  responsible  for 11, in  good  agreement 
with  experiment. 

Introduction 
The mechanism of exchange interaction between two local- 
ized spins at  the lattice  points R, and R, was first investi- 
gated by Heisenberg' and led to  the famous Heisenberg 
type exchange interaction, 

-21,Amsn.s,, (1) 

in which the exchange constant I,, is expected to originate 
from  the overlap of two  atomic  orbitals centered on dif- 
ferent sites, because of the exchange integral due  to  the 
Coulomb interaction between them.  This is called the 
direct exchange interaction, and was initially considered 
to be the origin of ferromagnetism in  the  iron series. 
However, it is recognized now that  the exchange mecha- 
nism in  the  iron series is much more complicated.' 

Later Zener' considered a mechanism in which the 3d 
spins are aligned through  the exchange interaction with 
the conduction electrons of dominantly 4s character.  This 
is called the s-d exchange mechanism and  is classified as 
an indirect exchange mechanism. Since Zener treated only 
the diagonal  term,  his s-d exchange mechanism causes 
only ferromagnetic alignment. An improved treatment, 
given by K a ~ u y a , ~  includes nondiagonal  terms and there- 
fore  the s-d scattering term. It  has been shown that this 
mechanism causes both ferro- and antiferromagnetic align- 
ment. The materials in which this mechanism should  be 
applicable are  rare  earth metals and alloys, because of 
the localized character of the 4f state;  various magnetic 
properties of these materials have been well explained by 
the s-f exchange model with further  refinement^.^ 
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Another kind of indirect exchange mechanism has been 
developed by Kramers  and Anderson' for non-metallic 
3d compounds. In this mechanism, the virtual  transfer of 
a 3d electron from one  site to  another  through  the p  states 
of the bridging anion is important  and is called the super- 
exchange mechanism. This mechanism has been investi- 
gated theoretically in detail for 3d compounds, with good 
qualitative agreement with experil~lents.~'~ A quantitative 
first-principles estimate is more complicated than expected 
due  to various  correlation, or many-body, effects7 

The exchange mechanisms in non-metallic rare  earth 
compounds have not yet been studied in detail, one reason 
being that  the interaction is usually very small due to the 
well-shielded character of the 4f state. In some  compounds, 
however, the  Curie temperature T, is relatively high, for 
example 70°K in EuO. The exchange mechanisms in rare 
earth compounds may be different from those in 3d com- 
pounds  in  the following ways: First, 4f electrons are well 
shielded by the 5s and 5p closed shells, and  the ionic 
radius is determined by these closed shells. Thus  the polar- 
ization effects  of these 5s and 5p shells may be important. 
This was particularly emphasized by Watson and Freeman,' 
who discussed the crystal field  effects due  both  to  the 
static  lattice  potential and  to  the covalent bonding effect. 
The experimental evidence is not clear, however. Second, 
the conduction bands  are now constructed from  both 6s 
and 5d states. The overlapping between 5d states is suffi- 
ciently large to  form a good conduction band because 
the 5d wave functions are  more extended than those of 
the 5s and 5p  electron^.^ This makes possible a new 
indirect mechanism through the 5d bands. Third,  as men- 
tioned before, the 4f state is well inside the ionic  radius, 
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while the ionic radius of a 3d element is determined by 
the radius of the 3d state itself. This makes the localized 
view  of the magnetic electrons very sound,  and also may 
change  the relative importance of various competing mech- 
anisms. Fourth, some convenient dilute alloys may have 
a very small  number of free or loosely bound  conduction 
electrons. Thus  the s-f or d-f exchange mechanism in such 
materials will have different features from  that  in good 
metals. Detailed  treatment may cast a new light on  the 
character of the s-f exchange mechanism. It is also ex- 
pected that new information  obtained for  rare  earth com- 
pounds will make possible the reinterpretation of exchange 
mechanisms in the 3d compounds. 

In  the following sections polarization effects of 5s and 
5p electrons will be neglected for simplicity. This means 
that  the effects  may  be included as the "effective" 4f radius. 
The more detailed effects of shielding have not as yet 
been established experimentally. 

A large body of experimental results has been accumu- 
lated on  the Eu chalcogenides and their alloys." This is 
a simple system with the rock salt type of structure and 
the simple magnetic configuration 'S. Therefore our cal- 
culations are done for these materials and compared with 
experiment. 

In  the following, the exchange mechanisms are classified 
among  the following categories: superexchange, indirect 
exchange, s-f exchange and higher-order exchange. The 
last  two are  not treated in this  paper. 

Summary of Eu chalcogenides 
In this section, a summary of the experimental data  and 
their  interpretation is given. In Fig. 1 the one-electron 
energy spectra of EuSe and  EuO  are given. These are 
calculated from atomic spectra data  and  the  pure ionic 
crystal model, including the Madelung  potential EM and 
the polarization energy." The energy level for a filled 
state is the ionization energy and  that  for a vacant state 
is the affinity energy. Figure 2 is the expected band 
scheme based on Fig. 1 in which the 4f level is the lowest 
atomic  ionization energy for  the 'S(4f7) configuration or, 
in  other words, a small magnetoelectric polaron  state of a 
4f' hole. This is consistent with the scheme proposed by 
Yanase and Kasuya'' but very much different from those 
of Cho13 and Busch et al.14 The conduction band is similar 
to  that of Ni  but with a smaller s-d mixing effect because 
here the 5d and 6s states are more localized than  are  the 
3d and 4s states in  the metal.I5 In Fig.  3 the values of the 
nn  and  the  nnn exchange constants, Zl and Zz respectively, 
are plotted as functions of Ro, the anion-cation distance. 
The idea of McGuire et a1.l' to plot Zl as a function of the 
anion-cation  distance is interesting and very important, 
as will be discussed later. Note  that  no  data  are available 
for  the Zz of EuO because it is much smaller than Zl, 
but  that  the extrapolation from  EuTe to EuS shows that 
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Figure 1 Energy  level  diagrams for EuO and EuSe;  the 
energy  units are eV. For Eu  and 0 respectively, the Made- 
lung potentials are ? 19.5 eV, the electric  polarization 
energies are both 3.5 eV,  and the lattice polarization  energies 
are both 0.7 eV. For Eu and Se  respectively, the Madelung 
potentials are & 16.2 eV, the electric polarization energies 
are 3.0 and 2.5 eV,  and the lattice polarization energies are 
0.4 and 0.5 eV. 

the Z, of EuO may be of positive sign with a value of about 
5 X eV. For  EuTe  the value of Zl is  not well defined 
because it is much smaller than Zz. From  the extrapolation, 
it is nearly zero. In Fig.  4  various atomic wave functions 
are shown.' Tables 1, 2 and 3 summarize some of the Eu 
chalcogenide data used in  the text and figures. 

Superexchange  mechanisms (I2) 
In this category the indirect exchange mechanisms, in 
which the p  states of an  anion play important roles in 
the intermediate excited states, are included. Here we con- 
sider three mechanisms, the usual Kramers-Anderson 
mechanism, a new mechanism in which an  anion p elec- 
tron is transferred to a 5d state through the d-f exchange 
interaction, and  the cross term between these mechanisms. 
The  third  term is particularly  interesting because it may 
give the ferromagnetic  superexchange  interaction  constant 
for  the 1 SO-degree configuration. 
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Figure 2 Schematic  band  structure of EuO based on Fig. 1. 
The dashed  line is the lowest ionization energy of the 
%(4f') configuration. 

Table 1 Europium chalcogenide data.* 

EuO 2.57 19.5  5.3  25.0 199 420 
EuS 2.98  16.8 5.0 11.0 178  280 
EuSe 3.10  16.2  4.8  9.5 128 180 
EuTe 3.30  15.2 

uto is the Reststrahlen frequency and ul0 = utO(eO / s a ) l l z  is the frequency of 
* The optical and static dielectric constants  are zrn and so, respectively; 

the lowest longitudinal optical mode. These data  are  due  to J. D. Axe, J .  
Phys. Chem. Solids 30, 1403 (1969). 

EuO 17.0 12.8 11.2 7.0 5.8 
EuSe 14.9 10.7 12.2 8.0 2.7 

energy column of Fig. I ;  U(1,  1') denotes the diference in energy between 
* The  data  are energy differences derived from the electric polarization 

occupied level 1 and unoccupied level 1'. However, both levels are occupied 
in the case of U(f,  p). 

Table 3 Atomic-exchange and spin-orbit  constants (in 
cm-l ) . * 

Ell+ 209 114 787 1610 648 
Gd++ 294 246 1013 3050 1050 

PIIJLS. 40, 684 (1964). 
* These data  are  from Table 3 of T. Kasuya and A. Yanase, Rru. Mod. 

For the rock salt structure  the pI anion wave function  a 4f electron onto a 4f state of a  nnn site and produce a 
connects the two nn cations, which are  nnn  to each other,  pair of ions, Eu+++ and Eu'. The transfer energy is given 
in  the 180-degree configuration. Therefore  the superex- by 
change mechanisms provide the principal contributions 
to z2. t(f", fJ = - c t(Pi,  fV)t(f,>  PC)/ WP,,  f), (3) 

Kramers-Anderson (KA) mechanism 
This is a well-known mechanism, and  for the rock-salt- 
type structure the most important contribution is due to  the 
180-degree configuration. The Kramers-Anderson mecha- 
nism is a fourth-order  term, or, if the effective  4f, -+ 4f, 
transfer energy f(fv, f,) is used, it is a second-order term. 
The exchange integral is given by 

p.') = 1 l a ,  f,>l' 
2s' Y., U(f, f)  ' ( 2 )  

21 6 where U(f, f) is the average energy necessary to transfer 

in which  U(p,, fv) is the energy  necessary to transfer a pi 
electron from  an  anion  onto a 4fv state of the nn cation 
and t(pi, fv)  and f(fv,  pi)  are  the transfer energies for 
pi -+ f"(4fS) and f(4f') + p", respectively. For a  more 
detailed treatment, the final 4f6 and 4fs configurations 
should be defined in the given crystal environment. In 
that case the  anisotropic exchange interaction, or in gen- 
eral  the  anisotropy  term, is obtained. Here such terms 
are omitted, based on the  assumption that  the energy 
differences within the  important 4f6 and 4fs multiplets 
are much smaller than U. 
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An estimate of is made from Eq. (2) for a Eu chal- 
cogenide as follows. The values for U are obtained from 
Table 2. We use the p -+ f and f -+ p  transfer energies 
only for p.. There are several ways to estimate the transfer 
energy. First, the transfer energy f(p<, fc) in EuF, has been 
estimated by  Axe and Burns17 using the Wolfberg-Helm- 
holtz  method and also by  'Watson and Freeman" from 
a more fundamental  standpoint. The expected value is 
about 0.4 eV. Note  that  the 2p wave functions, and there- 
fore  the ionic  radii, of F- and 0" are very similar and 
thus  the  nn  Eu-F  and  Eu-0 distances are also nearly 
equal.  Therefore the above value may be applicable for 
the case of EuO.  Second,  in  Cho's band calc~lation'~ 
for EuS, the 4f levels are treated as if they lead to the 
usual simple bands. The overall bandwidth is estimated 
to he about 0.3 eV for  the unoccupied 4f levels. This 
should  correspond in  the present picture approximately to 

4t'(f,, fo) = 4/t(P,, fX/U(P, f) (4) 

and, since U(p, f) is about 2.8  eV in Cho's band calcula- 
tion, we get It@,, f,)l = 0.46  eV for EuS. Note  that  in 
the present energy scheme the simple 4f' hole  bandwidth 
for perfect ferromagnetic alignment is given by 

41t(f0, P , ) I~ /U(~,  P) ( 5 )  

and, using t(f,,,  p,,) = 0.4 eV and U(f, p) = 5.8 eV, which 
is the energy difference between the 2p and 4f7 levels for 
EuO, we get a value for ( 5 )  of 0.11 eV. Third,  the overall 
crystal field splitting of a 4f state  in Eu+++ (4f') due to 
the antibonding effect with the anion is  given  by 

2 I t(fn PSI1 ,/ Wf, P) (6) 

3{rlu(f, P)12 + 8lt(f,, P~~I"]" - U(f, p)lj . (6') 

or,  for small values of  U(f, p), by 

This value is 0.05 eV in  EuO  and 0.11 eV in EuSe, for 
t(fc, p.) = 0.4 eV and  the values listed in Table 1. There 
are  no  data available for  the crystal field splitting of 4f 
levels in  Eu chalcogenides. However, judging from various 
experiments in  other  rare  earth compounds,1g we think 
these values are reasonable.  Therefore the transfer energy 
is also very likely to be about 0.4 to 0.5 eV. Using these 
values we have for Eu chalcogenides 

It(p,, full M It&,  p,)l E 0.45  eV. (7) 

Then we get, using Table 2, 

I:K"' = i 0.5 X lo-' eV for EuO; 

0.6 X eV for EuSe. 
(8) 

For EuSe this exchange integral is about 1/20 of the 
experimental value. We expect some ambiguity in deter- 
minations of the  transfer energy, but  it cannot be large 
enough to cover this discrepancy. 

MAY 1970 
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Figure 3 The exchange  constants I ,  and l2 and the para- 
magnetic Curie temperature e of Eu chalcogenides  as func- 
tions of the anion-cation separation Ro. Experimental data 
are denoted by 0's and the solid lines are extrapolated 
curves. 

Figure 4 Atomic wave functions for ELI++, 0" and S". 
Lattice  distances  between  nearest  neighbor Eu and chalcogen 
ions are indicated by arrows, and four of the wave func- 
tions are drawn  with the respective  origins at these  points 
to show the overlap of anion-cation and cation-cation 
functions. 

8 

I Radial distance in atomic  units 21 7 
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Id,,) I pu) Id,*) 

Figure 5 Composition of the molecular orbitals from  the 
atomic orbitals. 

Superexchange via the d-f exchange interaction 
The Kramers-Anderson mechanism gives too small a value 
for Zz because of the small effective transfer energy t(f,,  f,) 
and this is due to  the small overlap between the  2p  and 
4f states, which is estimated to be about 0.018 for 'S(p,, fm) 
in E U F ~ . ~ " ~ '  Then  the following mechanism, in which 
the  anion p  electron is transferred to  the 5d or 6s state 
of the  nn Eu cation and aligns the 4f spins through the 
d-f or s-f exchange interaction,  should be important  due 
to a large  overlap between 2p and 5d or 6s states. As the 
d-f exchange is usually much larger than  the s-f exchange, 
the 5d states seem to be the more important states in  Eu 
chalcogenides." Therefore, in  the following we treat (as a 
typical example) only the 5d states. There  are  no differences 
at all for  the 6s case or  for  the s-d mixed-band case. 

The most important process in this mechanism is  as 
follows. We consider the three atomic wave functions 
IdcI), Idcz) and Ip,) and determine the eigenstates, taking 
into account the transfer energy t(p,,  d,) between them. 
Then  the molecular orbitals Id,,),  Id,) and IPb), as illus- 
trated  in Fig. 5, are given by 

Id") E Id+), ( 9 4  

14) = (.y,Ip,) + P,ld-) (9b) 

and 

IPb) = ablpv) + Pbld-),  (9c) 

in which 

and cy and ,8 are approximately given by 

21 8 and 
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a b  = P a  = (1 - P b  >' 2 '  
(12) 

The bonding or antibonding energy is 

AE = f2lt(p,, d,)12/U(p, 4 .  (1  3) 

The transition  matrix elements of these states due to 
the d-f intra-atomic exchange interaction are given by 

(PblHdfIda) = $PaPbzdfdd'(Sfl + sf,) (1 4a) 

and 

(PbIHdfldO) = "PbJdfdd'(Sf1 - SfZ) 3 (14b) 

in which dd is the Pauli  spin operator  for  the d, state. 
The second-order perturbation energy can  be calculated 
and we are interested in  the cross term because the coeffi- 
cient of this term gives the exchange integral. Thus 

or, using the same  approximation  as in Eqs. (11) to (13), 

It is clear that this  calculation always gives antiferro- 
magnetic coupling. In contrast with the usual superex- 
change mechanism, given by Eq. (2), this mechanism is 
higher order,  in fact sixth order, with respect to U. The 
expression contains an extra factor  due  to  the d-f exchange 
interaction, IZdfSf/U(p, d)I2. However, when the pr-d, 
transfer energy is much larger than  that of  p,-f,,, the  ratio 
of these energies may overcome the above factor  and then 
the present mechanism is dominant.  This is actually the 
case in Eu chalcogenides, as shown below. 

For  the calculation, ~ ( p ~ ,  d,) or Pb should be determined. 
The transfer energy between p, and  d,  has been estimated 
in various 3d transition  metal compounds.21 The most 
reliable value seems to be  obtained from  the crystal field 
splitting data.  In most 3d compounds with a cubic environ- 
ment, the crystal field splitting, lODq, seems to be deter- 
mined mostly by covalency effects between 3d and 2p  states. 
Therefore, we assume  here that  the optically observed 
splitting is due  to covalency. Again we neglect everything 
other  than  the p.-d, overlapzz;  this causes an underesti- 
mation of t(p,,,  d,). Then 

Now, taking the values 10.7 eV for U(p, d)  and 2 eV for 
lODq of E u S ~ , ' ~  we get 

fibz = 0.187,  (1 8) 

or 

It(p.,  d,)l = 3.27  eV.  (19) 
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This value of the transfer energy can be compared with 
Cho's band calculation. The bonding effect between p, 
and 6s or d, appears in  the  band calculation as the humps 
of the A1 curves. This  is seen on  the highest- and  the 
lowest-energy curves in Fig. 2. In Cho's band  structure, 
this hump is estimated to be about 1.5 eV. Assuming 
t to be the PI-d, transfer energy,24 we get 4t2/U = 1.5  eV. 
Putting U = 13 eV for Cho's band structure, we get 
t(p,,  d,) = 2.2 eV, slightly smaller than  the value (19). 

Now, using Eq. (18) and Id f  = 0.1 eV, we get 

IFf) = -1.6 X eV for EuSe.  (20) 

The agreement with the experimental value, - 1.2 X 
eV, is very good. It seems clear, therefore, that d-f exchange 
is the main mechanism of Zz in EuS, EuSe and EuTe. 
However, the decrease of Zz with decreasing lattice  con- 
stant is rather sharp, and Z2 of EuO seems to be positive. 
This behavior appears to indicate a competing mechanism 
that causes ferromagnetic coupling in  the 180-degree con- 
figuration. 

Cross term 
The cross term between the Kramers-Anderson and  the 
d-f exchange mechanisms must be checked carefully be- 
cause it may overcome both mechanisms and may have 
a different sign. 

The same 180-degree configuration is considered; the 
molecular orbitals are constructed from Idgl) and Ip,) 
as follows: 

IPb) = ab*lPu) + Pblldul) (21 a) 

and 

its sign is opposite to  that of Zdf, or ZBf. For a well-localized 
state  in a crystal, the magnitude of zdf or Z,, should  be 
similar to  the  atomic value listed in  Table 3. This is the 
case for zdf, where the  de or rzs states are concerned, 
because they do not mix with the p  states and  the  mutual 
overlap is not as large as that  for  the transition metals. 
The experiments" seem to  support this  argument which, 
with lesser accuracy, is applicable also to ZSf in  Eu chal- 
cogenides for electrons near the  bottom of the 6s band.25 
For d,, which is related to dy, or I'12, the situation is very 
different because the overlap with the  anion p state  is 
very large. In this case the interatomic exchange due  to 
the overlap with p, states is more important. This  kind 
of interatomic exchange is mostly due to  the nonorthog- 
onalityZ6 of the overlapping  states and  has a negative 
sign,z7  opposite to  that of the intra-atomic Coulomb ex- 
change interaction.  This is the usual case for  the 3d transi- 
tion metals, in which the sign of the s-d exchange inter- 
action is negative, as is clear from  the observation of the 
Kondo anomaly.28 A  rough  estimate of the effect of inter- 
atomic exchange in Eu chalcogenides is given by a second- 
order  perturbation calculation of the p,, -+ f, transfer 
energy, 

Z;;''' = 161bb121t(P~, f ~ ) l ~ / U ( d ~ ,  f ~ ) .  (25) 

Using the values estimated for P b  and t(pb, f,) and 2 eV 
for U(d,, f,,) of EuO  from  the last  column of Fig. 1, we 
get = -0.15 eV. Even though  this is a very rough 
estimate, it is at least clear that  the interatomic term 
is of the  same order of magnitude as the intra-atomic 
term,  but  has  the opposite sign. Therefore it  is possible 
that  the value of zdf for d, is negative and  thus Zio)  in 

(21b) 
Eq. (24) is positive. 

For a numerical estimate, Eq. (24) may be rewritten as 

The matrix element due  to  the d-f exchange interaction at  The value of the dimensionless factor  in  this expression is 
site 1 is estimated to be 5.2 for EuO and 4.0 for EuSe. This  means 

that  for EuSe, even if the  ratio ZiKA)/Zidf )  is only 1/20, 

The third-order  cross-perturbation, in which the  pro- ZiKA)/Zidf )  is expected to be substantially larger than  that 
cesses Ipb) + Ida), /4f2) "+ IPb) and Idn) "-f 14f2) occur for EuSe since t(p,,,  f,,) increases much faster than t(p,, do), 
in this sequence or the reversed sequence, is responsible because of the well-localized character of the 4f wave 
for  the exchange interaction between Sfl and Sf2 and f ~ n c t i 0 n . l ~  Therefore, with the help of the first factor in 
gives the coupling constant Eq. (26), Z:') may become larger than  and  thus 

(Phlffdf(l)ldn) = -Pa'Pb'zdfdd*Sfl. (23) IZ;') I/lZ;") I is fairly large, about 0.45. For EuO  the  ratio 

by de Graaf  and Xavier." They calculated the second- 
order d-f exchange interaction based on a crude band model 

X ltb,, fs)lz/[s, I u(p, d)13 U(f,  d)].  (24)  and claimed that  thisinteractionis responsible for I,, thenn 
exchange constant. As is clear from  the present treatment, 

This expression is, as expected, fifth order with respect however, the mechanism is very sensitive to  the band 
to U. The  important character of this mechanism is that structure and  the transition matrix element. Most of the 21 9 
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second-order terms based on molecular orbitals cancel 
each other  in  the atomic orbital picture and only the 
sixth-order  terms with respect to  the  band gap  remain. 
These  terms are responsible for Zz and  in this sense de  Graaf 
and Xavier’s model and treatment of this mechanism are 
too crude to predict a reasonable 

As was reviewed  by Ander~on ,~  there are many other 
processes that contribute to Z,. Although they are all 
estimated to be less important  for  the case of Eu chal- 
cogenides than  the mechanisms already discussed, some 
of them are mentioned briefly  below. 

1) The exchange type fi + fz transfer mechanism is 
described by the matrix element 

( ~ ~ l ~ ~ ~ ~ ~ u o ~ ~ j ~ I ~ z / ~ ~ j I ~ u z ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  (27) 

This  should  be  compared with Eq. (3), which leads to 
0.013 eV as  the transfer energy for EuSe. However, due 
to  the small p,-f, overlap, the value of (27) is about  one 
order of magnitude smaller than  that of (3). 
2)  The excited state  in which two p, electrons with opposite 
spins are transferred from a given anion  to  the  Eu sites 
on either side is responsible for Zz and is described by a 
fourth-order  perturbation  term.  In this case the energy 
denominator is larger, without  substantial change in  the 
numerator, than  those of previously described mecha- 
nisms, thus yielding a smaller contribution. 
3) The direct ferromagnetic p,-f, interaction in  the sense 
of Heisenberg contributes to Z2 and is described by a 
third-order perturbation term.  This  contribution is usually 
smaller than or cancels 2). 

indirect exchange  mechanisms (II) 
In this category are included the mechanisms in which 
the cation wave functions have the  more  important role 
and  the  anion p  bands are relatively unimportant. Since 
the overlap among  the cation wavefunctions is most sig- 
nificant between nn cations, the principal  contribution of 
this mechanism is to Zl. 

The filled cation wavefunctions are 4f and  the closed 
shells 5s and 5p; therefore the transfer of 4f or 5p electrons 
to  the vacant  5d, 6s or 4f states  should  be responsible 
for  the mechanism. In  the following, these transfers are 
considered. 

Odd parity transfer mechanism 
At first we consider the mechanism in which a 4f electron 
is transferred to a  crystal 5d or 6s state.  This  virtual 
excited state seems to be important because the activation 
energy is very small, as is seen in Fig. 1. The transition is 
observed in optical absorption spectra typically as  the 
first absorption peak,” and is interpreted as a magnetic 
exciton state extending mostly onto  the  nn  Eu sites.” 

220 (This transition is responsible for various  anomalous mag- 
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neto-optical  phenomena.) However, both  the lowest s and 
d magnetic excitons are of even parity, different from  the 
odd parity of the f  state.  Therefore  neither of them is 
excited by the usual even parity  perturbation, e.g., the 
Coulomb interaction. In such a situation the most  impor- 
tant  perturbation should  be due  to  phonon vibrations, 
particularly  optical  phonons, and  the zero-point vibration 
at T = 0. Then  the following third-order process would 
be responsible for Zl: A 4f electron is excited to a magnetic 
exciton state Z, experiences the usual s-f or d-f exchange 
interaction at the  nn Eu site, and returns to  the initial 
state. 

For simplicity, we consider only the magnetic exciton 
formed by the de functions31; the extension to  other cases 
is straightforward. The potential due  to  the lattice vibra- 
tion is written as 

(r /R0)’Dr-  6R, 

in which D is the electron-phonon coupling constant 
(usually a few  eV), R, is the  nn Eu-chalcogen distance, 
r is  the vector from  the center of the central Eu  ion  and 
6R is the relative distortion of the Eu ion. Furthermore, 
if  we introduce the average probability that  the magnetic 
exciton is located on a particular nn Eu site, (a1’), and 
the average excitation energy of the exciton, A, the  third- 
order  perturbation  term  for Z, may be  written in terms of 
the oscillator strength P,  which corresponds to photo- 
absorption to the magnetic exciton  state, because there is 
a similarity between the electron-optical phonon inter- 
action and  the electron-photon  interaction. Then  the 
exchange constant is written  as 

I:”) = krz(a12)Zdf D2(?r/Ro)4((6R)2)P/(2mSf A3), (29) 

in which 

((6R)’) = 3 W 1  + 2N,)/(2M,w0) 

is  the average squared  fluctuation of the  lattice  point, 
m is the electron mass, M, is the reduced anion-cation 
mass, w, is the average optical phonon angular frequency, 
and No is  the average occupation number of the optical 
phonon. The oscillator strength is3’ 

P = (2m/3krz) aOL2 A, [ ( i l  r [ f ) l z ,  

in which c2 means the summation over all available mag- 
netic exciton states. Equation (29) shows that  the sign 
of I:0p) is the  same  as  that of &f or zef. Here Idf is mostly 
due to de states and Zaf is mostly due to electrons near the 
bottom of the 6s band. Therefore, as was discussed pre- 
viously, the atomic value is applicable and zdf and Zaf 
are positive. 

For  the calculation, the following values are used for 
E U O ~ ~ :  (a1’) = 1/12, zdf = 0.1 eV, D = 4 e ~ , ~ ~  R, = 
2.57 A, ktw, = 0.025 eV, A = 2.5 eV and P = lo-’. 
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Most of these values are obviously overestimated; never- 
theless the calculated value, 

= 3.5 X eV for  EuO (at T = 0), (32) 

is much smaller than  the experimental value, 4.7 X lo-’ eV. 
Smit35  proposed  a similar mechanism and declared that 

it agreed in order of magnitude with the experimental 
value. In his calculation, however, the pure  atomic  picture 
was used instead of the magnetic exciton model. Therefore, 
fifth-order perturbation theory was necessary and,  further, 
the calculation included various ambiguities. In particular, 
he  used an unusually large electron-phonon  coupling con- 
stant, which  seems to be the largest error. As is seen in 
Fig. 4,  the overlap of  4f and 5d wavefunctions is not large 
and  thus  the oscillator strength P is substantially smaller 
than one. Also, the fluctuation due to  the lattice  vibration 
is not large; for example, g((6R)2), is 5.2 X lo-’’ cm2  in 
EuO  and 2.5 X lo-’’ cm2  in EuSe. These factors make 

The  remarkable  property of I:”) in this mechanism is 
its  strong temperature dependence due to No. A careful 
measurement of the paramagnetic susceptibility of a single 
crystal of EuS was made by M c G ~ i r e ~ ~  up to 900°K to 
check this  property. No anomalies were found near the 
optical phonon frequency, in agreement with the present 
calculation. 

small. 

Euen parity transfer mechanism 
In the preceding section we considered the transfer of 
a 4f electron to  an even parity magnetic exciton state  that 
has substantial  amplitude at  the central Eu site and lower 
energy. Here we consider the transfer to  the  odd parity 
magnetic exciton state.  This type of excitation has the 
disadvantage that  the average energy is higher and, since 
there is no amplitude of the atomic  d or s orbital at the 
central Eu, the  transfer matrix is essentially due to  the 
interatomic overlap. The advantage of this mechanism 
over the previous one is that now the usual even parity 
perturbation is available, which is much larger than  the 
odd parity perturbation  due to  the electron-phonon  inter- 
action. Here again for simplicity we consider only 5d 
orbitals. 

In the cubic crystal  environment, the 4f wave functions 
are separated into three groups. Among  them the tzU group 
with triple degeneracy has the largest overlap between nn 
Eu sites.37 For  the 5d states on  the  nn Eu sites, de, the 
angular dependence (xy, y z  and zx) causes the largest 
overlap with t2,(4f). Then  the third-order perturbation, 
similar to  that of the preceding section but due to  the 
usual transfer energy, gives the exchange constant 

I:ep) = (hf/Sf) %IZ If(tz,,, OIZ/ UL2 

= 2ICif (t(tzu, de)12/Sf u2, (33) 
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in which means the summation on all the possible t,, 
type magnetic excitons and all2 is the probability for  the 
Ith magnetic exciton to be located on a particular Eu site. 
This mechanism may be described as follows. By the trans- 
fer effect, the real tzu wave function is a mixture of the tZu(4f) 
and t,,(de) functions. The tail part of the tZu function, 
which is the t,,(de) function, gives the direct intra-atomic 
exchange interaction with the 4f spins on the nn Eu site 
through the d-f exchange interaction. Since the  de function 
is responsible for  the exchange integral Zdf, this latter 
quantity  should be positive and  thus should also be 
positive. 

For  the numerical calculation for  EuO, we use Idf = 
0.1 eV and U = 4 eV. The main  problem is estimation of 
the transfer energy between the t2,(4f) function and  the 
corresponding de function, f(tZur de). As may be seen in 
Fig. 4, the  overlap38 between f, and d, states  in EuO is 
similar to  that between f, and p,, states. A preliminary 
calculation shows that  the former is about one-third the 
value of the latter. Therefore, considering the difference 
in  the angular dependences, we may put 

t(t2”, de) w 0.1 eV, (34) 

compared with t(f,, pc) = 0.45  eV. Then we get 

zjeD) w 3.5 X io-’ eV, (35) 

which is in  good agreement with the experimental value, 
4.6 X eV. This mechanism is consistent with the 
empirical result that Zl decreases very rapidly with in- 
creasing lattice constant, as shown in Fig. 3, because &, 
de) decreases rapidly with increasing Eu-Eu distance, as 
may be seen in Fig. 4. That ZI depends more  on  the  nn Eu 
distance than  on  the character of the  anion is clearly 
demonstrated by high pressure  experiment^^^ in which the 
AB-vs-AR, data fall on  the 0 curve of Fig. 3. It is also 
interesting to note that  the R dependence of the overlap 
integral for  rather small overlap is approximately R-4, but 
that  for a wider range the dependence is exp (-4R/R,).21 
Assuming that is proportional to  the square of the 
overlap between the t,, and  de functions, we have the 
relation 

z~“”’(R) = I jeP’ (~ , )  exp (-~R/R,), (36) 

in which Z:“”’(R,) is the value for  EuO  and R, is the  nn 
Eu distance in EuO. The prediction of Eq. (36) fits the 
experimental line for I ,  in Fig. 3 very  well. For example, 
the  ratio of Z, for EuO and  for EuSe is 5.2 according to 
Eq. (36) and 4 in  the experiment. The present mechanism 
also contributes to  the crystal field splitting of a 4f state 
because the energy of the t,, state is suppressed by the 
amount 

“81t(t2,, de)12/U(f, d) = -0.045 eV for  EuO. 



There are many other processes that belong in  the 
present category and  are available to contribute to Zl. 
Two of them are mentioned briefly. 

1) The process in which a 4f electron at site n is trans- 
ferred to a de  state at site m, then a 4f electron at site m 
is transferred to a de  state  at site n, and finally both 
return to  the initial state  through  the exchange-type 
Coulomb interaction, 

(4fAlh 4fm(2)lez/r121dc(2), dfm(l)), (38) 

is a third-order process and  is smaller than  the principal 
process of this section due  to  the small overlap between 
den  and 4f, functions. 
2) The lowest-order perturbation is the second-order pro- 
cess with respect to  the matrix element of (38), but  the 
resulting contribution to Zl is still smaller than  the principal 
one because it includes the  fourth power of the  de4f 
interatomic overlap integral as a  factor. 

Finally, it may be worthwhile to repeat the comment 
that  the polarization effects  of the 5s and 5p  states have 
not been treated explicitly so far,  but these may have 
been included implicitly in  the effective transfer energies 
for  the 4f states. 

The following comments were generated by questions 
asked after the  oral presentation of this  paper. 

1) The convergence of the  perturbation calculations is 
good because the expansion  parameter t(1, l’)/U(l, 1’) is 
small, about 10” to lo-’. 
2) The author’s  opinion,  as evidenced in this  paper, is 
that  it is more reliable to estimate t(1, 1’) empirically from 
experimental data  than  to  attempt a first-principles cal- 
culation. 
3) An example of a ferromagnetic  coupling  constant Z2 
for  the 180-degree configuration may be EuTiOa [see T. R. 
McGuire, M. W. Shafer and R. J. Joenk, J. Appl. Phys. 
37, 981 (1966)l. 
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