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Magnetic susceptibility has been measured in Pb,_,Mn, Te, Pb,_,Mn,Se, and Pb,_,Gd, Te with
values of x from O to 0.08. The susceptibility followed the Curie-Weiss behavior with a small
paramagnetic Curie temperature that indicated a weak antiferromagnetic exchange coupling be-
tween magnetic ions. We analyze our results together with previously published data for
Pb,_,Mn,S and Pb,_,Eu, Te and present a review of susceptibility parameters in IV-VI compound
diluted magnetic semiconductors. We find that the exchange constants obtained from high-
temperature susceptibility data in IV-VI diluted magnetic semiconductors are generally an order of
magnitude lower than those in II-VI compound diluted magnetic semiconductors. This fact can be
explained by assuming that superexchange is the dominant exchange mechanism in all investigated
systems. Within this mechanism we estimate the exchange parameters taking into account the crys-
talline and electronic structure of II-VI and IV-VI semiconductors. Our estimations agree with the
experimental results and predict the large difference in exchange parameters between II-VI and IV-
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VI diluted magnetic semiconductors.

I. INTRODUCTION

Many different types of the II-VI and IV-VI solid solu-
tions containing magnetic impurities, such as manganese,
now have been grown and the magnetization has been
measured as a function of temperature in such systems. -2
These materials appear to be weakly paramagnetic at
high temperatures and spin-glass phases have been ob-
served at low temperatures.®>~® In all the systems it ap-
pears to be possible to describe the high-field dependence
of the magnetization in terms of the modified Brillouin
function phenomenological model.”~!7 Moreover, the
high-temperature susceptibility can be fitted to a Curie-
Weiss expression from which the Mn-Mn, nearest-
neighbor exchange can be estimated. >~ 2?

We have observed, that the nearest-neighbor exchange
interaction is much smaller in IV-VI compound diluted
magnetic semiconductors (DMS) than in II-VI DMS. In
this report we present some data on IV-VI DMS systems
with Mn and Gd as magnetic impurities. The exchange
interaction, 2J/kg, in these systems as well as other
values that have been published previously are collected
here and compared with the cation-anion spacings of the
DMS systems. Correlations are observed which support
the model of superexchange as the dominant mechanism
explaining the magnetic properties of DMS systems.

In order to compare II-VI and IV-VI DMS we look for
their similarities and differences. The II-VI alloys that
we discuss have either the zinc-blende or wurtzite struc-
ture with the cations lying in tetrahedral sites with
respect to the anions. The bond angle is 109.6°. The IV-
VI alloys, on the other hand, have the rock salt structure
and the bond angles are 90° and 180°. Therefore, if one is
considering wave-function overlaps, both the bond length
and bond angle may be significant. It should also be
pointed out that the minimum energy gap in the IV-VI
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systems is small and at the L point, while in the II-VI sys-
tems, the gap varies from zero to large values and occurs
at the I point.

In Sec. II we describe our experiments. In Sec. III we
show data for Pb;_,Mn,Se, Pb,_,Mn,Te, and
Pb,_,Gd,Te, and present a compilation of experimental
data for many different IV-VI DMS systems. In Sec. IV
we present estimates of the interatomic matrix elements
and transfer integrals to support our conjectures about
the relative strength of exchange interactions in IV-VI
and II-VI DMS.

II. EXPERIMENTAL TECHNIQUE

Magnetization measurements from 0.01 to 50 kOe were
carried out on single-crystal IV-VI samples using a super-
conducting quantum-interference device (SQUID) sys-
tem, that has been described previously.'*'® The mea-
surements were carried out over a temperature range
from 2 to 300 K for low-field (< 100 Oe) magnetization
and from 2 to 25 K for high-field magnetization.

The samples of Pb;_,Mn,Se, Pb,_,Mn,Te, and
Pb,_,Gd, Te were grown by the Bridgman technique and
the x values were determined by electron microprobe and
x-ray fluorescence. The x-value range was 0.01-0.08 in
Pb,_,Mn,Se and Pb,_,Gd,Te, and 0.01-0.04 in
Pb,_,Mn,Te. The x values were determined with an ac-
curacy of about 0.005 for lower concentrations and 0.01
for higher concentrations.

The Pb,_,Gd,Te samples were n type with carrier
concentrations of 10" to 10 cm™? while the
Pb,_,Mn, Te and Pb,_ Mn, Se samples were either n or
4 tyge with carrier concentrations of roughly 53X 10'8
cm™ .

In order to interpret the susceptibility measurements,
it was necessary to correct for the diamagnetic contribu-
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tion of the PbTe and PbSe hosts. Therefore, the suscepti-
bility of single crystals of PbTe and PbSe was measured
from 2 to 100 K at fields from 1 to 10 kOe. Although the
susceptibility was small, the SQUID sensitivity was ade-
quate to make measurements with a precision of at least
2%. As expected, both systems were diamagnetic with
susceptibilities of about —3.6X 10~7 emu/g for PbSe and
—3x 1077 for PbTe, nearly temperature independent in
the range 10—100 K. There was a decrease in magnitude
of susceptibility for both compounds below 6 K. To ac-
count for the host lattice diamagnetism we corrected all
our susceptibility data by the constant values given
above.

III. RESULTS

We have investigated several systems which can be de-
scribed as A4,_,M, B, where A is the host cation, M is
the magnetic ion, and B is the anion. The high-field mag-
netization data and most of the low-field magnetization
data have been presented in our earlier papers.!®!6!7
Here we show the low-field susceptibility measurements.

The low-field susceptibility values have been fitted to
Curie-Weiss expressions of the form

P,
T T+0

Here T is the absolute temperature, X, is the susceptibil-
ity of the host lattice, e.g., PbTe or PbSe, and P, and ®
are fitting parameters. The parameter ® is the Curie-
Weiss parameter. Using the parameter P,, we may ob-
tain the effective number of magnetic ion spins from the
expression

X +Xgia - (1)
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where m ,, my,, and mp are the atomic masses of the cat-
ion, magnetic ion, and anion, respectively, S is the spin of
the magnetic ion, g is the spin-splitting g factor, kp is the
Boltzmann constant, pp is the Bohr magneton, and N , is
the Avogadro number. For all the magnetic elements we
assume that g=2.

The inverse susceptibility X ™! versus temperature is
shown in Figs. 1-3 for Pb;_,Mn,Se, Pb,_,Mn, Te, and
Pb,_,Gd,Te, respectively. The x values are given in
Table I. The data for Pb,_,Mn,Se and Pb,_,Gd, Te
have been fitted to the Curie-Weiss expression over the
temperature range above 20 K; for Pb,_,Mn, Te fits
were carried out from 5 to 25 K. The X ! is nearly linear
with T, the apparent deviation from a straight line in
some samples at high temperatures is a result of the host
diamagnetic contribution. All the curves extrapolate to
small negative temperatures as X ~! goes to zero, imply-
ing a weak antiferromagnetic interaction.

In Table I we show the concentration and parameter
values for the IV-VI systems that we have studied. The
parameter errors depend on the range of temperatures
and magnetic fields used in the analysis. In order to
present a review of magnetic susceptibilities in IV-VI
DMS we also include parameters derived for Pb,_,Mn,S
from data by Karczewski et al.!! and for Pb,  Eu,Te
from data by Braunstein et al.'?

In all samples ® is much less than the measurement
temperature. Therefore ®,=0 /X should be approxi-
mately constant?® and can be used to estimate the
nearest-neighbor exchange interaction from the relation

TABLE I. Susceptibility parameters for 4,_, M, B IV-VI systems.

= ® J
Compound Sample x X 0 (K) Og= SS+10z (K) 2 k, (K)

Pb,_.Mn,Se A 0.03*®  0022+0.002  3.0+0.3 2.86% 1072 3.9
B 0.077%° 0.045+0.005 4.4+0.4 4.19%x 1072 2.8

Pb,_.Mn,Te A 0.01° 0.009+0.005  0.8+0.2 7.62% 1073 2.41

B 0.022° 0.0241+0.005 1.2£0.3 1.14x 102 1.43

C 0.04° 0.03+0.005 1.3+£0.3 1.24x 102 1.24

Pb,_,Gd, Te A 0.033*®  0.033+0.005 1.740.3 8.99%x 1073 0.82

B 0.036° 0.0411+0.005 1.5+0.1 7.94x 103 0.58

C 0.056*° 0.053+0.005 1.81+0.2 9.52% 1073 0.54

D 0.062° 0.06310.01 3.5+0.6 1.85x 102 0.87

E 0.064° 0.066+0.01 2.61£0.2 1.38x 1072 0.63

F 0.066*® 0.07+0.01 3.81£0.4 2.01x 1072 0.86

Pb,_, Mn,S° 0.012 0.0169 2.045 1.95x 102 2.42

0.02 0.0208 1.145 1.57x 1072 2.13

0.02 0.0218 1.848 1.76 X 1072 2.26

0.04 0.0378 2.822 2.69%1072 3.46

Pb,_,Eu,Te? 0.042 0.037 0.6 3.18x 1073 0.26

0.096 0.076 1.0 5.29% 1073 0.21

0.316 0.320 4.6 2.43x1072 0.23

#Microprobe measurement.

®X-ray fluorescence measurement.

°From Ref. 11.
9From Ref. 13.
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FIG. 1. Inverse susceptibility vs temperature for FIG. 3. Inverse susceptibility vs temperature for
Pb,_,Mn,Se. The lines are fits to the Curie-Weiss law. Pb,_,Gd, Te. The lines are fits to the Curie-Weiss law.
27 30, choose the parameter @ =0/S(S +1)z. In the first ap-
ky S(S+1)z”° (3) proximation this parameter should depend linearly on X,
and go to zero as X goes to zero. The values of ®g are

where z is the number of nearest neighbors on cation
sites. For all the materials presented here z=12.

In this paper we compare systems containing magnetic
ions with different spins (§=2.5 for Mn and S=3.5 for
rare-earth elements). Therefore, as a representative pa-
rameter for comparisons among different materials we
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FIG. 2. Inverse susceptibility vs temperature for

Pb, ,Mn,Te. The lines are fits to the Curie-Weiss law. 4 —
right-hand scale; B and C —left-hand scale.

shown in Table 1.
In Fig. 4 we present @ versus X for all the IV-VI sys-

tems that have been investigated. Dashed lines are one-
parameter, least-squares fits to a linear dependence of ®g
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FIG. 4. @, vs effective magnetic ion concentration in IV-VI
DMS. Dashed lines are one-parameter, least-squares fits to a
straight line. Included is a fitted line for Hg, _,Mn, Te.
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on X. The slope of the fitted line in each system is direct-
ly proportional to the average exchange constant 2J /kp
in that material. In order to compare the IV-VI with the
II-VI DMS we also include a line ®g versus X derived
from our earlier data for Hg, ,Mn, Te.!> (The experi-
mental values would be far beyond the scale of the figure.)

We see from Fig. 4 that, although there is a significant
scatter in the experimental data compared to the
straight-line fits, the exchange integrals obtained from
these fits for rare-earth-doped IV-VI compounds are less
than half those for Mn-doped IV-VI compounds. On the
other hand, the line for Hg, _,Mn, Te has a much higher
slope than all lines for IV-VI DMS; the slope would be
even higher for other II-VI DMS. This indicates that the
values of exchange constants in II-VI DMS are an order
of magnitude higher than in IV-VI DMS.

In the last column of Table I we present the values of
exchange parameter 2J /ky for all the compounds. (Re-
cently Bruno er al.?® reported a value of J for
Pbg ¢sGd, osTe higher than ours, but only from high-field
magnetization data.) The average values for each system
will be shown and discussed in Sec. IV.

IV. INTERPRETATION OF RESULTS

As we see from the results presented in Sec. III, the ex-
change constants in a series of IV-VI DMS are an order
of magnitude smaller than in II-VI DMS. We are now
interested in examining the possible reason for this
difference.

Three possible exchange mechanisms in DMS are
direct exchange, Bloembergen-Rowland-type exchange,
and superexchange. First we note, that CdTe, HgTe, and
PbTe havs, almost the same lattice constants (6.48, 6.46,
and 6.45 A, respectively) in their cubic structures. There-
fore, the distance between Mn ions in all the compounds
is also the same and there is no reason for a big difference
in the direct Mn-Mn exchange interaction in these cases.
Moreover, since the Mn-Mn distance is about 4.57 A
while the atomic radius of the Mn d shell is only about
0.755 A, 24 we may exclude direct exchange as a dominant
exchange mechanism in our systems.

The Bloembergen-Rowland-type exchange interaction
depends strongly on the value of the energy gap. These
energy gaps in most of the HgTe based and PbTe based
DMS are in the same range (~0.2 eV) and therefore ex-
change constants based on the Bloembergen-Rowland
mechanism should also be close. Although the gap
occurs at the I' point in II-VI semiconductors and at the
L point in IV-VI semiconductors and this may lead to
smaller Bloembergen-Rowland exchange values in the
IV-VI compounds, the expected corrections would be too
small® to explain the large differences observed in the ex-
change constants.

Superexchange via an anion should depend strongly on
the cation-anion distance in DMS. For the same lattice
constant a the cation-anion separation in the zinc-blende
and wurtzite structure equals aV'3/4 while in the rock
salt structure it equals 0.5a. As will be shown below, this
difference in the cation-anion separation alone can lead to
an order of magnitude or more difference in the superex-
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change interaction parameter J. Consequently, we be-
lieve that superexchange is the dominant exchange mech-
anism in both II-VI and IV-VI DMS. This point of view
is also supported by the results of Spalek et al.?’ and by
Larson et al.,?® who show that the contribution of su-
perexchange to J in II-VI DMS is 95% of the total.

In order to estimate the dependence of the exchange
constant J in the superexchange mechanism on the
cation-anion separation, we will follow the simple method
of estimation used by Spalek ez al.,?° which is based on
the Anderson theory of the superexchange interac-
tion. "%

We consider the interaction between Mn ions in the
II-VI or IV-VI chalcogenide host lattice. The exchange
parameter is?"%

2 _ 2w’
kg 4SU’

4)

where U is the energy to add an extra electron to a neu-
tral Mn atom in the solid, 2S5 =n is the number of un-
paired electrons on the magnetic cation d or f shell (five
for Mn, seven for Eu and Gd), and b is an interatomic
transfer integral connecting the d- and p-electron wave
functions. The one-electron transfer integral is*°

H,;={(p,|H|d,;), (5)

where the subscripts i and j refer to the p orbitals on an
anion and the d orbitals on neighboring magnetic cation,
respectively. For the total interaction between a Mn cat-
ion and a neighboring anion, the transfer integral is

23 H,H;
5]
U—AE ’

where AE =E,—E, is the difference in energy between
the position of the Mn d level and the p-band (valence
band) maximum. The sum goes over three p orbitals on
an anion and five d orbitals on a magnetic cation, and a
factor of 2 comes from taking into account two electrons
on each p orbital. The matrix elements in the transfer in-
tegrals may be related to the interatomic matrix elements
V'm given by Harrison.*!"3 That is

b= (6)

_2 HyH;=3 Vi » )
ij m
wherem =—1to 1.
In the rock salt structure the transfer integrals become
2 2
_ 2V a0 +4Voin ()
U—AE

For rare-earth-doped lead chalcogenides we will use
transfer integrals of the same form, with V., and V.,
replacing V4, and V,,,,, respectively.

Although the s-p hybridization is negligible in the rock
salt structure,®® it is relatively strong in the zinc-blende
structure. In a first approximation we will use as an aver-
age transfer integral for the zinc-blende structure a sum
over one-hybrid matrix elements. (This approximation
may underestimate the contribution of p-d matrix ele-
ments to the total interaction.) In this structure the
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coefficient b will be

b= 2szd17 + szdo + Vs2d0 )
N U—-AE '
For the terms V5, Vyim Vpror and V,p, we will use

the interatomic matrix elements calculated by Harrison
and Straub.3? They are expressed as

VI[’m =77[1’m(ﬁz/mo)[(rly_lrlz'll_l )1/2/d1+1'+1] , (10)

where r; and r; are distances characteristic of the I/th
state of the free atom, d is the interatomic nearest
cation-anion separation, m, is the electron mass, the sub-
scripts I, I', and m are the quantum numbers with
1<l <l', w corresponds to m ==*1, and o to m=0. In
our case /=1 (p shell), and !’=2 for d-shell electrons and
3 for f-shell electrons.
The matrix elements entering Egs. (8) and (9) are

_ ﬁ2 (rpr‘?)l/Z
pdo Tlpda m, d4 ’
ﬁ2 (rprj)l/Z

Vpdﬂznpdfr—nTO" d4 ’
#? (rl,rfs’)l/2
Vp a:npfa—”; d5 ’ (11)

and

py g
pfm pffrm0 PE

The parameters 7y, are 1,y,=—3V15/2m, 0,4,
=3V'5/2m, 1,,,=10V21/m, and n,,,=—15V7/2/m.
For V,,;, we use the parameter determined earlier by
Harrison and Froyen:**
7 P32
Vsdo=3-“7n°0_ Pz

(12)

The interatomic matrix elements V., strongly depend
on the interatomic separation d, i.e., V., ~d ~*. Since
they enter Eq. (4) in the fourth power, the dependence of
the superexchange interaction parameter on d becomes
very strong (for example, J~d ~'® for pdo and pdm).
This means that even a relatively small change in an in-
teratomic distance can produce a large change in the ex-
change interaction. It is also interesting to note that the
difference between different anions is taken into account
in the V)., matrix elements (r, increases in the series S,
Se, Te). Consequently the overlap and therefore the ex-
change interactions are also affected by the anion radius.

For estimation of the exchange constants using Egs. (4)
and (6) we also need to know the energy values U and
AE, which are not known for most of the materials with
which we are dealing. In order to compare a series of
DMS alloys, we choose the values for Cd,_,Mn,Te,
U=7 eV and AE=3.5 eV,>~% which are obtained from
experiment, and apply those values for all our alloys.
The s, g, and T, atomic radii for all necessary elements
are taken from Refs. 24 and 34. The resulting estimates
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of the exchange parameters in a series of II-VI and IV-VI
DMS are given in Table II.

The interatomic distances d in Table II are for host lat-
tices only. The change of d with added Mn and the lat-
tice distortion are not taken into account, however both
effects are small compared to the differences in d for
different compounds. Except for Cd,_,Mn,S (Ref. 38)
the experimental values for 2J /ky are taken from high-
temperature susceptibility measurements, to be consistent
with our experimental values. Our high-temperature sus-
ceptibility values for Hg,_,Mn,Te and Cd;_,Mn,Se
(Ref. 39) are about the same as in Table II. Other experi-
ments, e.g., magnetization steps or neutron diffraction
usually yield lower values for 2J /kg. In part, this is be-
cause the values from high-temperature susceptibility in-
clude most directly exchange interactions with more dis-
tant neighbors. The experimental values of 2J/kp for
IV-VI DMS systems are average values of those in Table
I

As we see from Table II, the exchange parameters de-
pend strongly on the cation-anion separation, according
to our predictions based on the Anderson superexchange
interaction theory. The estimated results for Mn-doped
IV-VI chalcogenides are in good agreement with the ex-
perimental ones; for Mn-doped II-VI semiconductors the
estimated results are generally lower than the experimen-
tal ones, but of the right order of magnitude. We have
mentioned before, that our simple approach to the sp>
hybrids in the zinc-blende structure may underestimate
the total matrix elements. Furthermore, it should be
pointed out that the bond angle in the zinc-blende struc-
ture (109.6°) is different from that in the rock salt struc-
ture (90° or 180°). These differences may also influence
the superexchange parameters. Although the bond an-
gles in the rock salt structure are different for nearest and
next-nearest neighbors, the distance d is the same for
both. Table II also shows that in the rare-earth-doped

TABLE II. Interatomic distances and exchange parameters
in II-VI and IV-VI DMS.

2 /ky (K)
Compound d(A) b (eV) Calc. Expt.
Cd,_,Mn,S 2.53 0.349 16.14 21.0°
Zn,_,Mn,Se 2.45 0.510 34.44 36°
Hg,_,Mn,Se 2.63 0.295 11.50 21.8°
Cd,_,Mn,Se 2.63 0.295 11.50 21.2%¢
Zn,_ Mn,Te 2.64 0.351 16.38 23.7°
Hg, .Mn,Te 2.78 0.235 7.34 14.3°
Cd,_,Mn,Te 2.80 0.223 6.56 13.8¢
Pb,_,Mn,S 2.97 0.136 2.45 2.57¢
Pb, ,Mn,Se 3.07 0.125 2.07 3.35
Pb, ,Mn,Te 3.225 0.111 1.62 1.69"
Pb, . Eu,Te 3.225 0.0194 0.025 0.23"
Pb, ,Gd, Te 3.225 0.0066 0.003 0.72"

fReference 3.
8Reference 11.
"This work.
iReference 13.

2Reference 38.
bReference 18.
°Reference 20.
9Reference 39.
‘Reference 5.
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IV-VI compounds the values of J are small, due to small-
er radii of the f shell and stronger dependence of V,;,, on
d [see Eq. (11)]. In these rare-earth-doped systems, how-
ever, our estimated values for J are much less than the
experimental values.

Recently we learned that Bruno et al.** have
reevaluated their earlier studies?®> on Pb,  Gd,Te and
now they suggest that second-nearest-neighbor interac-
tions dominate the exchange. This suggestion is based on
studies of the rare-earth chalcogenides, EuTe, GdS, and
GdSe, which have the same rock salt structure as
Pb,_,Gd, Te. Since the concentration of the magnetic
ions in the rare-earth chalcogenides is much higher than
the Gd concentration in Pb, _ Gd, Te, it is not clear that
the conclusions based on the rare-earth chalcogenides can
be carried over to Pb,_,Gd,Te. Moreover, even in
rare-earth chalcogenides it is not a general rule that the
magnitude of the next-nearest-neighbor exchange interac-
tion is greater than the nearest-neighbor exchange. For
example, although the next-nearest-neighbor exchange
dominates in EuTe, the opposite is true in EuSe.*' If,
however, next-nearest-neighbor interactions dominate the
exchange interaction in Pb,_,Gd,Te and Pb,_,Eu,Te,
the value of 2J/kp that we obtain from experiment
would be doubled since there are only six next-nearest
neighbors. On the other hand, the cation-anion wave
function overlap would be comparable for nearest and
next-nearest neighbors even though the bond angles are
different. Therefore, because we assume a superexchange
model, the strength of the interaction would be similar in
the two cases. Since Bruno et al. have not calculated the
strength of the proposed antiferromagnetic superex-
change between next-nearest neighbors, it is not known
whether this mechanism is important or not. Therefore,
we have considered only nearest-neighbor interactions in
making our comparisons in Table II. We might also note
in passing that our latest measurements on Pb, _ . Gd,Te
to 15 T show that the data at 4.2 K are fitted very well by
the modified Brillouin function. *?

V. CONCLUSIONS

We have measured the magnetization and susceptibili-
ty in mixed crystals of lead-manganese chalcogenides and
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lead-gadolinium telluride. From the high-temperature
susceptibility data we determined the nearest-neighbor
exchange constants. They are generally of order of 1 K,
which is about an order of magnitude smaller than in the
II-IV DMS. Furthermore, the exchange constants for
the rare-earth doped lead tellurides are two or more times
smaller than in the Mn-doped lead chalcogenides.

These results may be explained by assuming that su-
perexchange via an anion is the dominant exchange
mechanism in all investigated materials. Simple estima-
tions based on the Anderson superexchange interaction
theory and Harrison interatomic matrix elements give re-
sults in good agreement with the experiments. They
show that the difference in the crystalline structure be-
tween II-VI and IV-VI compounds may lead to an order
of magnitude difference in the exchange interaction and
also predict reasonably well the dependence of J on the
carton-anion interatomic distance. The smaller values of
the J constants in Pb, _, Eu, Te and Pb, _, Gd, Te relative
to Pb, _,Mn, Te may be also explained, in our estimation,
by lower r, values and stronger d dependence of the ma-
trix elements.
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