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We make a careful analysis of various contributions to the ind#¥Bth nuclear spin-spin interactions; ,
in PbTe. The calculation takes into account all three hyperfine interactions and includes both the intraband and
the interband contributions withinke: 7 formalism. The relativistic effects are considered through the double
group basis wave functions and energy levels around the energy gap. We cafgpldtem three different
contributions:(a) a full valence band and an empty conduction bail,electrons inn-type PbTe, andc)
holes inp-type PbTe. In the first case the coupling tensor is quite appreciable and changes from ferromagnetic
(FM) order to antiferromagnetiCAFM) order as the internuclear separati@nincreases. In the case of full
band contribution all of the hyperfine interactions are found to be important. The carrier contributions are
calculated in each case for two typical carriboth electron and holelensities. In the case @Ftype PbTe,
Ajj is isotropic and due mainly to contact hyperfine interactions. The noncontact interactions arising out of
mixing of bands, albeit weak, are also taken into account. In the caséyple PbTe the noncontact hyperfine
interactions, namely, the orbital and the dipolar interactions, are important and the coupling constant is aniso-
tropic. The coupling constants calculated for carrier densities of the ordefdfch 2 are found to be about
four orders less than the corresponding value in metallic lead. Although there are no experimental results for
comparison, the order of magnitude appears to be reasonable in view of the low density of carriers considered,
as compared to the metallic density. Furthermore, in the absence of any other theoretical work in the case of
semiconductors in general and in PbTe in particular, the present work furnishes valuable information regarding
the nature of hyperfine interactions and their relative contributions to the indirect nuclear spin-spin interaction
in PbTe. Some of the systematics of our calculation agree with those predicted in the case of indirect exchange
interaction involving magnetic impurities in PbT&0163-182¢08)04328-9

[. INTRODUCTION quired to incorporate both the intraband and the interband
contributions across the band gap.

Indirect nuclear spin-spin interactions, dominated by the Recently one of the authors derived a theory for the indi-
isotropic Ruderman-Kitte[RK) interactiort and the aniso- rect nuclear interactions including both spin-orbit and many-
tropic pseudo-dipolafPD) interactiof have been investi- body effects® The theory also included all the electron-
gated thoroughly in metals’ during the past three decades. nuclear hyperfine interactions—contact, orbital, and dipolar.
The subject became more important after the discovery o#While in metals the contact interaction is significant, in semi-
the nuclear magnetic ordering in copper at about 25 nk andonductors all the three hyperfine interactions are expected
in silver at about 2 nk.These interactions furnish valuable to be important.
information about the electronic structure and the nature of In view of paucity of a systematic study of indirect
the electronic wave functions in metals, apart from explain-nuclear hyperfine interactions in semiconductors we have de-
ing the nuclear magnetic resonan@®MR) linewidth mea-  cided to calculate the indirect nucledPb spin-spin cou-
surements and the electron-nuclear hyperfine interactions ipling tensor in botm-type andp-type PbTe, which are de-
them. Relative strengths of many-body and relativistic ef-generate narrow-gap semiconductors. The degeneracy makes
fects can also be ascertained from the calculations of RK anthese semiconductors metal-like except that the carrier con-
PD interactions. An exhaustive review of the subject for metcentrations in these systems are a few orders of magnitude
als has been made in the work of Oja and Lounasaa. less than in metals. This, however, should not be viewed as a

Although, as mentioned above, the study of hyperfine instatement against the semiconducting characteristics of these
teractions and related properties can be found in abundanaystems. The other motivation is that we have in recent years
in metals, these properties have not been studied with sudhvestigated thoroughly some other hyperfine properties,
fervour and enthusiasm in semiconductors. It is due partly tsuch as the Knight shift and the chemical shift in PbTe,
the fact that the observation of such effects in semiconducwhich show good agreement with experimental results where
tors is difficult in view of the relatively smaller density of available!'~**Furthermore, indirect exchange interaction be-
carriers and partly to the extremely difficult calculations re-tween localized magnetic impurities in semiconductors in-
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cluding the one based on the lead salts have been of consig¢E ) is the Fermi function. In Eq3) the first term denotes

erable intereéf_ls in recent years and furnish useful data the contact hyperﬁne Vertw, the second term represents
regarding magnetic interactions in the.dlluted magnetic seMig,q dipolar hyperfine verteX*, and the third describes the
conductors that are considered as an interesting class of maggiio| hyperfine vertex“- o are the Pauli spin matrices and

Eetlc tr;:aten;ls. :‘h|s %rowdes_ ft““hetf mOt'_Vat'(lm for seelzlngﬂ_ is the electronic momentum operator in the presence of
ow the indirect exchange interactions involving nuclear is an antisymmetric tensor of

spins are useful in probing the electronic structure in sem'Spin'Orbit Interaction.e,,,.,
pi usetulin probing t . ni ucture i Mthird rank and we follow the Einstein summation convention.
conductors vis-a-vis interactions involving magnetic impuri-

fies Equation(2) in principle contains both oscillatoryké k')

The paper is oraanized in the following manner. In Sec and nonoscillatory K=k') terms. The nonoscillatory terms
bap 9 9 : are not of interest here as these are independerR;of

II, we discuss the theory and the calculational procedure oﬁ . o :
T . nce we rewrite Eq(2 nsidering only th illator
the indirect exchange coupling constant betwe&€fPb ence we rewrite Eq(2), considering only the oscillatory

D rms as
nuclear spins in PbTe. In Sec. Ill, we evaluate three types o
contributions from(a) a full valence band and an empty con- 1
duction band(b) electrons im-type PbTe, andc) holes in ~ A{’= > =y (kKk)
p-type PbTe. In Sec. IV we present our results and discuss kink',(k#k").p.p" Yootk
them followed by our concluding remarks. ; /
y g X[Pﬁ'\kp,n,k’p/P;]nk'p’,nkp eXp{—I(k—k )R”/}
Il. THEORY AND CALCULATIONAL PROCEDURE + Pj”,nkp n k,p,P]“,nk,p, nkp exp[+i(k—k")- Rij 1}
A. Theory f(Enp)
The indirect nuclear interaction describes an interaction in X En—Encr
which a nuclear magnetic moment with spinat the lattice
site R; creates a local magnetic perturbation that induces an n E 1
electronic magnetization varying in space, which in turn in- N kok! (nn’) (k2K ). pop” 1= Yo (k,K")
teracts with another nuclear moment of spinat the lattice , _
siteR;, . This results in a static coupling between the nuclear X[P ko ko Pinke ok EXR—1(K—K")- Ry}
moments and is given BY , ” _ ,
P ko ko Pk ot nkp €XB{F1(K=K") - Ryjr}]
M= 2 A, ey F(Eno
LiTG#T) ey XE "B’ 4
n n! !
whereAﬁf is the indirect nuclear spin-spin coupling tensorWhere
and is given, in the presence of spin-orbit and electron-
electron interactions, by P,”:MoMoNgljx”(r), (5)
1
A’UJ;Z 2,2 , z —_— J— f(E krr)_f(E km)
i RN S T K Yan(kik) == 2 (kKKK e
k”,km nk/l nk///
><I:x/r:'kp,n’k’p’xr];’k’p’,nkp exp{ —i(k—k')- Rij '} )
. and
+ Xr‘;kp,n'k'p'xllf:’k’p',nkp EXD[-F | (k_ k’) . R“ /}]
_ f(Ener) —T(Eprim)
f(Enk) ynn’(kak,):_ 2 Unn/(k,k,,k”,km) ( nk ( n’k
X————. (2) K" K" Enk"— En/k’”
Enk_ Enrkr ’

)

In Eq. (2), o and ugy are Bohr and nuclear magnetons, ; being the average interparticle interaction. In E4). the
respectively,g, andg, , are the nucleag factors for the first term describes the intraband Ruderman-Kittel-Kasuya-
spins atR; andR;., respectivelyR;;»=R;—R;,, y denotes Yosida (RKKY) type of interactions and the second term
the exchange enhancement parameter due to the electroescribes the interband RKKY type of coupling. While in
electron interactions, and the electron-nuclear hyperfine vemetals, it is a normal practice to consider the first term only,
tex X* is given by both of the terms are important in semiconductars, and

vnn are the intraband and the interband exchange enhance-
8m at 3(a-r)r# rva’” ment parameters and are due to the electron-electron interac-

Xe=—r ot o+~ =5 26 T tionsi |

3 r r mwvn By tions in the same band and between bands, respectively.
=XE+XG+XE . ©) B. Calculational procedure

The matrix elements oK are taken between the Bloch PbTe is a narrow-gap semiconductor with a direct energy
states ny,(r) and ¢,/ (r); the corresponding energies gap at thel point of the Brillouin zone. In addition to the
areE,, andE, ., respectively. Herp andp’ denote Kram- band-edge states, there are two more bands on either side of
er's conjugate pairs in the presence of spin-orbit interactionthe gap, which contributes to the effective mass formalism.
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Each level is Kramer’'s split in the presence of spin-orbitlike a atomicp orbital with m,=1. The superscripts andt
interaction. The basis wave functions for all six levels andrepresent longitudinal and transverse components, respec-
the energy gaps at tHe points are taken from Mitchell and tively. The above equations change sign when the matrix
Wallis (MW).° elements are considered by interchangitagand 8. The

The Hamiltonian for the band-edge states is diagonalize@quality in magnitude oA and Al reflects the spatial isot-
exactly and the resulting states are treated with the far bandspy of the contact hyperfine interaction. However, the or-
using second-order perturbation theory withik-ar formal-  bital and the dipolar hyperfine matrix elements are aniso-
ism. The detailed mathematics of the procedure followed isropic. It may be noted that in the absence of spin-orbit
given in our earlier publicatiod$*3and we do not consider interactions the dipolar interactions become zero for crystals
it essential to reproduce them here. with cubic symmetry.

PbTe is a degenerate semiconductor implying thereby that The k-dependent matrix elements are calculated using the
the Fermi level, as in the metals, is in the allowed bands andave functions of Eq(7) of Ref. 12 for the band-edge states
is a function of carrier concentration. The Fermi surface ofand the MW basis functiod® for the other bands. The en-
the carriers is ellipsoidal for low carrier concentrations andergy differences were evaluated using the conduction- and
becomes cylindrical as the carrier density is increased. Thugie valence-band energies derived eaffler.
the Fermi surface integrations that occur in both the evalua-
tion of Fermi energy and the intraband and the interband
coupling terms are carried out using a cylindrical coordinate
system. The Fermi energies, as functions of electron and hole We evaluateéA(R) for three cases: for a full valence band
densities, respectively, in- andp-type PbTe, are evaluated and an empty conduction band, fortype PbTe and for
following a self-consistent method. The Fermi energies inp-type PbTe. We evaluate both the longitudinal and the
crease with increase in carrier density in bathandp-type  transverse components in each case. In case of the full band
PbTe. However, this increase is not monotonic but tends ter the lattice contribution we assume the Brillouin zone to be
deviate from the linear behavior at higher carrier concentradivided into four equal spheres around e&cpoint and the
tion, implying that the bands become nonparabolic becausg and thek’ integrations were performed using spherical
of the increasingly important effect of the far bands at thispolar coordinates. For carriers, either electrons or holes, we
range of carrier concentrations. use cylindrical coordinates to evaluate the Fermi surface in-

For our calculations of the indirect exchange couplingtegrals forn- and p-type of PbTe. Following the procedure
tensor betweerfPb nuclei, we_have choseX-, Y-, and  described in the preceding section, we obtain various contri-
Z-coordinate axes in thgl12], [110], and[111] crystallo-  butions toA;;. for the full valence bandn-type PbTe and
graphic directions, respectively. The nonzero hyperfine map-type PbTe as follows.
trix elements at th& point of the Brillouin zone, using MW
basis function® are

Ill. EVALUATION OF A(R)

A. Full valence-band contribution to Aj‘}’,’

N . 8w N | For the full valence band, the intraband contribution is
(Lea| X[ Leyer) = 3 cos §°(RIS(NIR)=A;, (8  zero. Using Eqgs(4) and (8)—(13) and Eqgs.(7) and(11) of
Ref. 13, we obtain the interband contribution as

Lo X3|Lg,a)= (% sir® -+ 2% cog 67)

62 dl =62

Al (R)zifkodk fkodk’fwdofw
fb @em*Jo Jo "o 0

1
><<x+ r—g’x+>=A'd, (9)
xd@' sin 6 sing'k?k/?
1 ) ,
Loa|X2|Lgpa)=2cof 6 X.|—= X, ) =AL, (10 X cog (k, cosf—k; cosé’)R]
62 ol =62 r 0
Qinter
(Laal Xy LaB)=—Ac=A¢, 11 X 72 1 (14

m (krz—kr’z)——2 Eq(W+W’)
Lo X5|LegpB)=—2(2+4cog 6~ +3v2 sin 6 cosh )
62 dl=6

1 where
><<x+ —3x+>:At , (12)
r L [(A+W)(a sir? 6"+ B cog 0')k/*(Ar)?
and Qinter_ (1+W/)
1 (1+W')(a sir? 6+ 8 cof )k (AL +A])2
(Laot|Xg|LeaBy=—2v2 sin 6™ cos O™ | X || X. =A;. + TTwW)

13

1
_ ' 1Al gl N
In Egs.(8)—(13) cosé* and sing™ are the amplitudes of 2Bkk; c0s 0 cos ' A(Ag+Aqg) WW * (15
the single-group wave functions in the MW basis staks.

transforms like an atomis orbital around PbX, transforms  Further,
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W= (1+ ak? sir® 0+ Bk? cog )+ (16)  tively. ko is the radius of each sphere and the number 4
accounts for all the four valleys.

. ) The transverse terrAfb(R) can be obtained by replacing
andW'’ is same asV except thekr andaare replaced by, A' Ad! andA' by AL, Al andA! and changing the sign of
and 6'; « and B are defined in our earlier wotkand are  the third term in Eq(15)
expressed in terms of momentum matrix elements between
band edge states and the energy ggpat theL point. C B. Contributions due to electrons inn-type PbTe toAJPj“,’

—Moﬂo 9| The subscripts fb, intra, and inter stand for the  The electronic contributions in-type PbTe to the oscil-
full band mtraband, and interband contributions, respectatory coupling constant is

J
A'(R)=i6f27d¢J2wd¢’J+kleko "'dk'f PdeJ redk!?
€ (2m)° Jo 0 K,

R
xcos{(kpcos¢+ k, sin ¢+k,—k, cos¢’—k; sin ¢’ —k;) ‘/_31

| |
% , Qe;intra + , Qe;inter , (17)

A K2+ TEW-W) T (k24 = E (WA W

where
{a?K2K!"+ B2+ aB(K2K, 2+ K 2K2)}
Qeinira™ [ (1+W)(1+W) (A)?
+(14+W)(1+W') (AL +Ay) 2+ 2{ Bk .k, — ak k! cog ¢+ d' ) AL(Ag+Ay) A (18
and
Qesineer™ ((ff—vvvv)) (akg?+ Bk;%) (Ag+Ag)*+ ((111\/\/\(/')) (aki+BKD)(Ac)®
—2{Bkk; — ak K, cog ¢+ b A Aot Ag) |z (19)

The transverse componem(R) can be obtained as before by replacillg A, andAl by AL, A}, andA! and changing
the signs of the third terms in Eg&l8) and (19).

C. Contributions due to holes inp-type PbTe toAj‘}',’
The indirect nuclear coupling betweé¥Pb spins inp-type PbTe can similarly be written as

C 2 2w +k vy K2 K2
Al (R :—f d f d f “dkf 'ndk'f Phdsz k2
h( ) (277)6 0 ¢ o ¢ —k|h Z _kllh Z 0 p 0 p

R
xcoz{(kpcos¢+ k, sin ¢+k,—k, cos¢’—k, sin ¢’ —k;) ‘/—31

Qb Qb
% , h;intra + , h;inter , (20)

k2 k12 E ’ ﬁ_ kZ_k/Z _E ’
o (R=K )= S EW-W) (k)= 5 Eg(WH+W)

where
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+(LHW)(L+W)(A) 2+ 2{ Bkok; — ak K, cOS = ')} Ac(Ag+Ag) ﬁ (21)
and
Qyimer= % (akg?+ k;*) (Ag)?+ % (aki+ BKD) (Ao +Ag)?
—2{ ik}~ ak K, cod ¢ ¢'>}A'C<A'O+Ag>} 4W1W : (22

The transverse componeri§(R) can be obtained as before pared to the dipolar anisotropy.
by replacingAL, A}, andA! by A', AY;, andA} and chang- In Table Il we have given the carrier contribution to the
ing the signs of the third terms of Eq1) and(22). k,_is  indirect nuclear coupling const_aant mtyp% Pb_Tge for two
obtained by solving the equatiof(kk,)— s, where YPical hole densities of £0cm ° and 10°cm ° As ex-
E (kz k,) is given by Eq.(3.2) of Ref. 20 fork2=0. 2 is pected, the intraband contribution is dominant. However,
CA Tz T oo P 7' Tpe — with increase in carrier density the interband contribution
obtained from the same equation self-consistently. Similajycreases and at a hole density off8em 3 it is still two
procedures were followed for obtainitig andk? . is the  orders less than the intraband contribution. Since the atomic
Fermi energy and the procedure to obtain it is already diserbitals around Pb transform in artype manner, the contact
cussed in the earlier section. The integrations occurring imnteraction is dominant and hence the coupling constant
Egs. (14), (17), and (20) were performed numerically. In shows almost isotropic behavior. Up to a carrier density of

general, we use for the computation of the results 10 cm™3 the orbital and the dipolar hyperfine interactions
Lo gt apparently have no effect on the coupling constant. de-
A=3A Tt 3A,, (23)  creases with the increase in internuclei separation, but never
where

TABLE I. Interband contributions td\(R) (all expressed in
It_ alit It i . : ine i ions. :
A=Al A (24)  units of cps. Top: due to all three hyperfine interactions. Bottom
due to contact interaction alone.

and 7 stands for fb(full valence banyl e (electron$, andh
(holeg, successively. We present our results and discuss R (A) Al or Al Ag
them in the following section.

Top
6 —645.08 —867.99 —793.69
IV. RESULTS AND DISCUSSION 12 _ 48093 _ 630.01 58632
The oscillatory indirect nuclear spin-spin coupling con- 18 —264.30 —342.22 —316.63
stant is calculated for a number of values Rffor a full 24 —52.52 —62.72 —59.32
valence band, results of which are presented in Table I. For 30 114.18 149.21 137.54
low values of internuclei separation the coupling is negative 36 221.45 281.59 261.85
and hence ferromagneti€M). This agrees with the predic- 42 274.87 348.75 324.12
tion by Liu and Bastarf in case of indirect exchange inter- 48 287.11 368.46 341.34
action between magnetic impurities in PbTe. As the separa- 54 268.54 350.03 322.86
tion of the nuclei increases the indirect coupling constant  go 225.43 206.87 273.06
changes from FM order to antiferromagneticFM) order.
From Table I, we see that all the three hyperfine interactions Bottom
are very important. For example, if we consider only contact 6 —371.13 —-371.13 —371.13
interaction the coupling tensor is significantly reduced as 12 —276.08 —276.08 —276.08
seen in the bottom portion of Table I. This is also reflected in 18 —153.88 —153.88 —153.88
Fig. 1. Since the valence band has predominantly at@mic 24 —36.21 —36.21 —36.21
character around lea@b) and the conduction band has 30 54.31 54.31 54.31
character, the significant change brought about by the orbital 36 113.15 113.15 113.15
and the dipolar hyperfine interactions is due to the interband 42 140.31 140.31 140.31
contributions arising out of mixing of the bands. The anisot- 48 149.36 149.36 149.36
ropy reflected in the values is due to the effects of both 54 144.83 144.83 144.83
dipolar and orbital hyperfine interactions. However, our cal- 60 122.20 122.20 122.20

culation shows that the orbital anisotropy is very small com
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Since the conduction-band wave functions in PbTe transform
like the atomicp orbital around Pb, the orbital and the dipo-
lar hyperfine interactions are dominant fortype PbTe. It
has also been observed that neglect of contact hyperfine in-
teraction fom-type PbTe up to 1§ cm™3 does not affect the
results in a significant way. However, neglect of either or-
bital or dipolar hyperfine interactions drastically affects the
results. Thus im-type PbTe the noncontact interactions are
found to be dominant. Furthermore, significant anisotropy
seems to be present in casensfype PbTe.

Unfortunately, we have not encountered any experimental
results to compare with our results. However, a qualitative
comparison can be made. The indirect nuclear coupling con-
stant has been measuf&ih the case of metallic lead. The
RK coupling constant for nearest neighbors is 4800
+500 cps. This value is approximately more than four or-
ders of magnitude higher than the indirect nuclear coupling
constant calculated for an electron density offldn 3. We

FIG. 1. Ay, for the full valence band and empty conduction see from Table 11l thas\;;, increases by one order when we

band in PbTe as a function & with all the three hyperfine inter-

actions(1) and only the contact hyperfine interactit®).

increase the electron density from*i@m=3 to 10'® cm 3.
Therefore, we believe that the difference in magnitudes of
A, for the electron density of #cm™2 in n-type PbTe

changes sign up tR=60 A. Thus for all values oR con- and in metallic Pb is reasonable. It would be pertinent to
sidered the indirect nuclear spin-spin interaction due to holesompare features observed in our calculation with that ob-
is antiferromagnetic.

In Table Il we have given the carrier contribution to the have a pronounced decay. However, we do not see such fea-
indirect nuclear spin-spin interaction faor-type PbTe for tures here. This is due probably to the fact herektspace
electron densities same as the hole densities. The couplirigtegration is confined to a small region around th@oint
constant shows similar trend as jmtype PbTe. However, of the Brillouin zone. Indeed the effective mass approxima-
the magnitudes are higher by about 1.7 times for a carrietion involving the Luttinger-Kohn basis sétsfollowed in

density of 16’ cm 2 and about three times for ¥ocm™3,

served in metals. In metals, the oscillations are rapid and

8 the calculation is valid only fok values not far fromkg

(here theL point). In contrast, in metals thk summation

TABLE II. Intraband and interband contributions £Aq(R) (all covers the entir& space. At higher concentrations of carriers
expressed in units of I& cps for two typical hole densities.

the calculations might show features as observed in metals.
However, our model does not work well beyond a carrier

A, density of 188 cm 3. It may also be noted that the impor-

p R(A) A!ntra Aitntra Ainlra A!nter Aitnter Aimer
1017 cm™3
6 265 2.63 2.64 0.00085 0.00169 0.00141
12 266 2.64 2.65 0.00110 0.00211 0.00177
18 266 2.64 2.64 0.00109 0.00209 0.00176
24 2.65 2.63 2.64 0.00108 0.00207 0.00174
30 2.64 2.62 2.63 0.00106 0.00204 0.00171
36 263 2.61 2.62 0.00104 0.00200 0.00168
42 261 2.00 2.60 0.00102 0.00195 0.00164
48 2.60 2.58 2.59 0.00099 0.00190 0.00159
54 258 257 257 0.00095 0.00184 0.00155
60 257 255 256 0.00092 0.00178 0.00149
10 cm3
6 57.15 55.46 56.02 0.299 0.596  0.497
12 56.94 55.27 55.82 0.297 0.592 0.493
18 56.59 54.95 55.50 0.294 0.585 0.488
24 56.10 54.51 55.04 0.289 0.576 0.481
30 55.47 53.95 54.46 0.284 0.565 0.471
36 54.72 53.27 53.76 0.277 0.552  0.460
42 53.84 52.49 5294 0.269 0536 0.447
48 52.85 51.60 52.02 0.260 0.519 0.433
54 51.75 50.61 50.99 0.251 0.499 0.417
60 50.54 4952 49.86 0.240 0.479 0.399

tance of anisotropic noncontact hyperfine interactions seen in
our calculations is not an exception. Anisotropic indirect
2.643pin-spin coupling and experimental evideticef noncon-
2.65tact contributions toAj;; have been observed between
2.65%3p19%g for a series of mercury phosphines
2.64{HgPR;(NO3)],, whereR is either an alkyl or an aryl group.
2.63 In conclusion, we would like to state that we have made a
2.62careful analysis of various contributions to the indirect
2.60nuclear spin-spin coupling tensor in PbTe. The calculations
2.59take into account all the three types of hyperfine interactions
2.57and include both intraband and interband contributions. The
2 gerelativistic effects are considered through the double group
basis wave functions and energy levels. The coupling tensor
for a full valence band is quite appreciable and changes from
56.52FM to AFM order as the nuclear separation increases. We
56.32have also calculated the carriéivoth holes and electrons
55.98 contributions toA;;, for two typical carrier densities in each
55.52case. The carrier contributions, as expected, are much
54.93 smaller than the full band contribution in the range of carrier
54.22 densities considered. This also agrees with the prediction in
53.39case of indirect exchange interactions involving magnetic
52.45impurities® in PbTe. In case op-type PbTe the contact
51.40interaction was found to be dominant. However, fetype
50.26 PbTe, the orbital and the dipolar hyperfine interactions are

found to be important. The differences are attributed to the
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TABLE lII. Intraband and interband contributions £(R) (all expressed in units of 1& cp9 for two
typical electron densities.

n R (A) A:mra Aitntra Aintra A!nter A}nter Ainter Ae
10" cm3

6 3.13 5.16 4.48 0.00082 0.00166 0.00138 4.48
12 3.20 5.28 4.59 0.00108 0.00207 0.00174 4.59
18 3.19 5.27 4.58 0.00107 0.00205 0.00173 4.58
24 3.18 5.26 4.56 0.00106 0.00203 0.00171 4.56
30 3.16 5.24 4.55 0.00104 0.00200 0.00168 4.55
36 3.15 521 4.52 0.00101 0.00195 0.00164 452
42 3.13 5.18 4.49 0.00098 0.00190 0.00160 4.49
48 3.11 5.14 4.46 0.00095 0.00185 0.00155 4.46
54 3.08 5.10 4.43 0.00092 0.00178 0.00150 4.43
60 3.05 5.06 4.39 0.00088 0.00172 0.00144 4.39

108 cm3

6 1131 183.0 159.7 0.291 0.589 0.489 160.2
12 112.7 182.4 159.1 0.290 0.585 0.486 159.6
18 112.0 181.4 158.3 0.286 0.578 0.481 158.7
24 1111 180.0 157.1 0.282 0.568 0.473 157.6
30 109.9 178.2 155.4 0.276 0.556 0.463 155.9
36 108.5 176.0 153.5 0.268 0.542 0.451 154.0
42 106.8 173.5 151.3 0.260 0.526 0.438 151.7
48 104.9 170.6 148.7 0.251 0.508 0.422 149.1
54 102.8 167.3 145.8 0.241 0.488 0.406 146.2
60 100.5 163.7 142.4 0.230 0.467 0.388 142.8

different kinds of transformations of the atomic wave func-polarization effects because it, being an intra-atomic phe-
tions around Pb in the valence and conduction baAgs. nomenon and weak in metallic lead, would not be significant
for a carrier density of 1% cm™2 in n-type PbTe is found to in the present analysis.

be about four orders less than the corresponding value in

metallic lead, which is justified in view of the fact that me-
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