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Electron self-trapping in intermediate-valent SmB;
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SmB; exhibits intermediate valence in the ground state and unusual behavior at low temperatures. The
resistivity and the Hall effect cannot be explained either by conventishdlybridization or by hopping
transport in an impurity band. At least three different energy scales determine three temperature regimes of
electron transport in this system. We consider the ground-state properties, the soft valence fluctuations, and the
spectrum of band carriers imdoped SmB. The behavior of excess conduction electrons in the presence of
soft valence fluctuations, and the origin of the three energy scales in the spectrum of elementary excitations are
discussed. The carriers which determine the low-temperature transport in this system are self-trapped electron-
polaron complexes rather than simply electrons in an impurity band. The mechanism of electron trapping is the
interaction with soft valence fluctuations.

I. INTRODUCTION independent, and such behavior seems to be consistent with
hopping transport in an impurity band separated by the gap

Samarium hexaboride is the first compound in which theA,.; from the bottom of the conduction band. However,
phenomenon of intermediate valend¥) has been seen di- there is still no experimental consensus about the energy
rectly by x-ray absorptiofbut the theory which explains all scales which control hopping. In Ref. 8 part of the ldw-
properties of this compound within a unified physical modelinterval is presumed to be described by Moff¥* law for
remains elusive in spite of unceasing efforts of theoreticianyariable-range hopping with a scaling energyTgf=53 K2
and experimentalists during the past 35 years. The convern another series of samples an activated term in the conduc-
tional description of the electronic structure of SgnB  tivity was observed with an activation temperatufg
terms of a two-band promotion model results in a semicon=2.68 K for T<3 K2 although the derivation of an activa-
ductorlike spectrum with a gap. This gap appears as a tion energy of the order of several K from measurements
result of on-site hybridization between the narrow bandmade in the same temperature interval does not look too
formed by electrons from the samariunf 4hell and the trustworthy, in addition, the pressure dependence of the re-
wide conduction band formed by borgm states and sa- sidual resistivity is extremely strong, and it can hardly be
marium 5 states. The theory explains, at least phenomendfitted into a picture of noninteracting electrons in an impurity
logically, the main body of available experimental data. band. In any case, there is no room for additional excitation
However, the most intriguing properties of this matefed  branches in the mean-field two-band theory, and adding extra
well as other IV semiconductors from the same family, i.e.,localized states in the gap does not improve the situation.
SmS, TmSe, and YbB) cannot be described adequately The standard hybridization model seems to be too simplistic,
within a framework of such a crude phenomenological pic-and we believe that the generic properties of the intermediate
ture. Among these properties are the very nature of the IWalence state can be described only within a framework that
ground state, the origin of slow-valence fluctuations, and thgoes beyond the mean-field approximation.
low-temperature anomalies of various physical properties. In the present paper we offer a description of the low-
Recent experimental studies of transpottand optical™  energy spectrum of IV SmBoy treating the phenomenon of
properties revealed the existence of several energy scales imermediate valence in rare-earth semiconductors in terms of
the low-energy excitation spectra and several temperature ren excitonic dielectric state. This approach was offered
gimes in the low-temperature electron kinetics. nearly two decades adB,and its effectiveness was demon-

It is found that at least three different activation energiesstrated later in explanation of anomalies in the vibration
influence the behavior of electrons. The largest energy gagpectra of IV semiconductof$.Features of excitonic insta-
Aqp=14-20 meV is observed in the frequency-dependenbility were seen also in studies of the dielectric-metal transi-
conductivity and dielectric permittivity. Apparently, just this tion under pressure in the compounds TmS&,.* It is
value should be ascribed to the hybridization gapf the interesting that recently dramatic observations of a ferromag-
two-band model mentioned above. A substantially smallenetic phase in th@-doped divalent hexaborides CaRnd
value of A,.~3-5 meV is seen in the low-temperature re- SrBq (Ref. 13 were interpreted in terms of conventional ex-
sistivity and Hall effect measurements which display ancitonic instability of Keldysh-Kopayev-Volkov-Rusinov
activation-type temperature dependence in the interval 18pel?
>T>6 K. This gap was also measured in tunneling The theory of intermediate-valence excitonic dielectric
experiments.Below 6 K the resistivity is nearly temperature emphasizes the role of soft singlet excitonic states in the
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formation of the ground IV state and valence fluctuations in  Despite the differences between the pafemhybridized
the excitation spectrum. The IV state is described as a mixspectra of SmS and SrgBthe decisive similarity of these
ture of singlet’F, states of divalent Snif) and the bound two cases is the closeness or overlapping of the highly cor-
electron-hole pairg®h, whereb is the state of an electron related 4 levels of Smi*(41°) and the degenerate conduc-
promoted from thd shell top orbitals spread over neighbor- tion band. In SmB these states overlap at ambient pressure,
ing boron sites but having the same symmetry asftllec- Whereas in SmS the closeness is achieved under external
tron in a central site. In some sense these states are electrdessure which induces the excitonic instabifitgt P, . The
hole analogs of Zhang-Rice two-hole states known in thetloseness results in promotion of electrons to delocalized
theory of low-energy states of CyOplanes in highf, band states. Crucial is the fact that the numpef promoted
perovskites? electrons is the deviation from the divalent state in both
Here we consider the case of dope®mB; material. We ~ Sm?*Y)*S and Sri¥*¥)*Bg IV semiconductors. According
study the behavior of excess conduction electrons in thé& the conventional band scheme, which treatsfthénter-
presence of soft valence fluctuations, and discuss the origiction in a self-consistent mean-field approximation, fthe
of three energy scales seen in different temperature regime8lixing results in the appearance of a hybridization gain
We show that the carriers which determine the low-the case of SmBand a pseudogap in the IV phase of SmS.
temperature transport properties in this system are selffo take into account strong on-site correlations, this scheme
trapped electron-polaron complexes rather than simply eleshould be modified.
trons in an impurity band. The mechanism of electron The starting Hamiltonian for treating IV semiconductors
trapping is the interaction with soft valence fluctuations.  is the Anderson lattice Hamiltonian supplemented by an in-
terband Coulomb interactiofsee, e.g., Ref. 20

II. GROUND STATE OF INTERMEDIATE-VALENCE
SEMICONDUCTOR

SmB; together with “golden” SmS is considered to be a H :% Ekalzaakv"'% A:OE{F \ ExlmA)mA|
classical example of a non-magnetic IV semiconduc¢see i
Ref. 2 and references thergiBoth of these compounds pos- T
sess a singlet ground state with intermediate valance +mk§m} [mGUTMakU|mFM><mO|+H'C']
+2.6. The main difference in the properties of these two
compounds is that SmS transforms into an 1V semiconductor n E Uoonal a. )
only at finite pressurdor under the chemical pressure of o mik " imf Sk ko -

rare-earth ions of smaller radius substituting for)Svhereas
SmB; possesses intermediate valence and concomita

an%magorgf‘t{)rozﬁc;g?:niégr?r?'fhné %rlif:?rli)rr?-ban d spectra o and electrongwe assume for the sake of simplicity that
PP Y, b these electrons come from the borop ghells. The states

these two materials are the eventual source of differences ||nmA> of the Sm ion at sitan are represented by two con-
their properties. SmS at ambient pressure is known to be ﬁ‘gurations ImA)=|m0)y=|m’F,) for the divalent state #
normal semiconductor with a relative!y- wide gap in the en_and|mA)=’|mF,u) for the trive?lent state #. T stands for
zlrsgyofpser%tilz?‘%_i(?r'\?fri\r/ﬁ -trr?elsbgoalfog:v:)(:e:o:];ugltliﬂek\)/z;n g the multiplet®Hs, of the 4f° configuration which splits into
formed mainly by Snd states. The #ilevels, in turn, form a al'7u doublet and d'gu quartet by the cubic crystal field

nearly dispersionless valence band within a wide forbidderéCF; w enumerates the states of corresponding irreducible

gap E;>A between the conduction band and the convenlepresentations, anhy =3 ,|mIu)(ml 4| is thef-electron

tional valence band formed mainly by electrons of the occupation number. The hybridization interaction describes

chalcogen sublattice. At finite pressure the ghpis sup- the promotion of electrons from tHeshell to the conduction

pressed, but instead of collapsing to zero it transforms into gand accompanied by a change of atomic configuration. The

microgapA , at some critical pressur,, and the material strong interband Coulomb interaction is givenWy,,'. The

acquires the properties of an IV semiconductor. On the othe'ﬂybkr IdIanaIEIOTH|mOmaXtIXT< A elergr\;—,\lnt the Ifwes:/nc]jkc;rdrb;ltet
hand, the “parent” divalent hexaborides without & ghell = {ko,mI'n )- cr only

(Caf,, ). a well a trvalen Lapuith an emty 4~ SIS]1 Sl be faken i acoount <0 one shoul el
shell, have a band structure without a gap in the actual en- y : . y dege ) : :
The strong intrashell interaction is inserted in the configu-

ergy interval. The density of states near the Fermi level in AN
hexaborides is predetermined by a single degenerate bafi@tion change operatoréy,™ =|mA)(mA’[. To make the

with a minimum at theX point of the Brillouin zone. This hybridization problem solvable the nondiagonal operators
band is formed mainly by electrons of the boron sublattice are usually represented in a factorized foMh’=f bl

with a small admixture ofl states of the cation sublattice. It (see, e.g., Ref. 31 wheref,, and b;ﬁ1 describe auxiliary

is nearly empty in divalent semimetallic hexaborid®s’ fermion and boson fields which correspond to charge and
and more than half-filled in trivalent LaB® Thus one can spin degrees of freedom. This procedure gives reasonable
expect that thd level which is responsible for the interme- results in the case of nearly integer valence, but in the IV
diate valence of SmBshould cross this simple band. Indeed, state the spin charge separation procedure can hardly be use-
conventional band calculatiolisgive a band structure com- ful even as a starting approximation. We prefer to use an-
patible with this presumption. other approactf which seems to be adequate in the nonme-

rI]-Eere €, is a simple spin-degenerate dispersion law for the
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tallic case when one can hope that hybridization will result inform of V(k). The widthT of the lower band is determined
the separation of strongly correlated and weakly correlatethy a hopping integral, which can be estimated as
bands in the energy space.

According to the prescription of this approach, we pick . . .
out the one-electron band Hamiltoni&h, which describes T, ,~N"Y2> V(m=j)Vi(n=jexdik-(m=n)] @
the hybridization of band electrons with the mean-field level ki € &
e¢, which is defined as the energy difference

(herej are the nearest neighbors of bathandn).

To study thereal carriers, one should go beyond the
mean-field Hamiltonian, i.e., take into account the teyid
which includes, in particular, the interaction between holes
. 5.6 A in the narrow band: (k) and the electron-hole interaction
tiplet f("Hsy), and then represent the Hamiltonidn inthe  poeen carriers in different bands. The former contribution

form H=Hp+AH. The termAH describes the excitations gems from a strong Coulomb interaction between electrons
above the ground state. Then the mean-field spectrum in the o smi-shellU =(ffm|U|ff ). This Hubbard interac-

actual energy interval can be described approximately by §q, s reduced due to slight delocalization of Wannier func-
Hamiltonian tions

gt=Eq— Er7:

WhereEp7 is the lowestdoubly degenerajestate in the mul-

Hb:s:12 kz Ss(k)cg,kacs,kcr' (2) U=<ClymC1’m|U|ClymCLm>=I’4U,

Here where r=[S(e)u(e)de is the reduction(nephelauxetic
factor?? This factor depends on the density of sta®s) in
the unhybridized band, [see Eq.(1)], and the coefficient
Slyz(k):%(fk'}_sf)l \/%(ek—sf)2+|V(k)|2, 3) g(e) is that which appears in E¢4) but W'[itt_en as a func-
tion of energy. In our case the conditidr<U is assumed to
wheree ™ kV(k) =V, from Eq.(1). Hybridization between be valid, and this means that no more than a single hole per

p andf states due to the matrix elemeivgk) results in the ~Site can be created in this narrow “Hubbard” band.
wave functions The upper band:,(k) is formed mainly ofp electrons,

with an admixture of aficomponent in the states close to the
bottom of this band. If the bottom of the conduction band is
C1ko=Ukf o+ 0iCior » close to the center of the Brillouin zoA% Bogolyubov’s
(4)  coefficients for the electron wave function described by the
operatorc,y [Eq. (4)] are given by

CZ,ko: - uko'ck0'+ vka'fa' )

where the coefficients of the canonical transformation are

Vol? \Y
vi~1- [Vd L U= ——— 8)
1 Ex—Ef (Sf_ék) Ef €k
U=3| 1+ 2 z|’ .
V(ex—e)?+4[V(K)| The Wannier operators, ,, have the same form as E(f),

(5) except that the sign of the denominator in the second term is

02=1—12 negative. The dispersion in this band can be approximated by
K ke the effective-mass law
Since the band states and thetates have the same sym-

metry at the pointX;, R,, I';, and A,,%° a hybridization H2(K—ky)?
gap opens, and the lower baagdis filled in the ground state go(K)~Ag+ -t
of “divalent” SmBg because two electrons transferred from me
the fr7 level to the (initially empty) band g4 fill it com-

pletely. Let us assume that the lewglcrosses the bang] in

its lower part, so that the band (k) has mainlyf character.
The square root in Eq3) can be expanded iv(k)/[ &y
—¢&¢] for most of the Brillouin zone, and the Wannier states
given by the operatorslym(,=N*1’22k exp(k-m)cyy, can mE /mg~[(g;— Gkb)/V(kb)]ZZl/fc- (10)
therefore be approximated by the following equations:

: ©)

whereA is the gap in the two-band spectriiq. (3)]. Here
k, is the wave vector corresponding to the bottom of the
empty band, and the effective mass can be estimated as

The effective mass is noticeably heavier than the bare mass
V(im—jexdik-(m—j)] m, of the conduction electrofexperimentallym? ~100m,
a;. (Ref. 8]. We suppose that the hybridization gap is seen as
©6) the largest gag ¢ in the experiments mentioned in Sec. I.
Now, taking the energy of the state with filled lower band
Here (j)yn are the nearest neighbofisoron sites of a Sm  as a reference point in our calculations of the excitation en-
ion in a given crystal cell, anef(m—j) is the Fourier trans- ergy spectrum, we have the effective Hamiltonian

~ —-1/2
Cl,mUmea+N Ek: (J)Z Pp
NN
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U

~ ~p o~
H= E tmncl,macl,mr"_E 2 nl,ma'nl,mfo'
mn,o mo

+ 82(k)cz,k002,ko+ Hyp, (11

ko
wheret,,==,e% (M Mg, (k) ande, (k) are given by Eq.
(3). The electron states in the hopping term for hole excita-
tions are dressed in projection operators?;l,mo
=CimeNim-o- ThiS projection inserts the kinematic restric-
tion for the hole motion: the hole can be created at a given
site only provided the electron with the opposite spin is still
at the same site. Therefore, the holes are practically immo-
bile. The last termH ,, is responsible for the electron-hole
interaction,

FIG. 1. A 4f-orbital located at the center surrounded by eight

orbitals on the §,3,3) corners. The signs of thp orbitals are
(12 chosen to have the same symmetry asftbebital.

— t t
H12_ 2 E W(kl 1k21k31k4)Cl,klo'Cl,kzo'Czyk30—’C2,k40" ’

kikoksky oo

whereW is derived from the Coulomb interactidthe last
term in the Hamiltoniar(1)]. |Wed=N"22> > Fo(M=)Phijefmol0). (19
. .~ . - . . m ()N
The two-band Hamiltoniai contains hybridization built
into the electro_n and hole states, and the average occupati¢fere a basis of and p orbitals is chosen. As mentioned
numbersn,;;=n; are formally less than one in the lower above, thef electron had’; symmetry, and its angular de-
“Hubbard” bande,. However, it should be emphasized that pendence is determined by tlxgz cubic harmonics. The

this deviation from integer valuenf=1 corresponds to the €nvelope amplitud&, is a function of exciton energ.,
Sn?* statg is not the true IV state. The one-electron picture (S€€, €.9., Ref. 10, where this function is calculated in the
given by the mean-field HamiltoniaH, [Eq. (2)] implies NN approximation. It also contains the phase factor which

that interband transitions given by the operator orders the phases of thg, p, and p, boron orbitals in
accordance with the required symmetcy. Ref. 15,

qug c£’k+qvcl,kU=N*1% e 19 me] L iCime Fo(m—j)=F(Ee)(—1)Mmi, (15
(13)  where the phase1)Mmi follows the arrangement shown in
Fig. 1.

form the fundamental branch of elementary excitations in g|n fact, it will be shown below that the IV ground state

this semiconductor. However, free electron-hole excitationgesembles in some sense the Zhang-Ri#ZBR) singlets'®

alone cannot explain the unusual properties of IV gmBe  which are believed to be formed in Cu-O planes of high-

believe that in the IV state an extra branch of charge transfematerials. The Emery HamiltonigfA,which is the starting

excitations exists. These are valence fluctuations, and are rgoint for the description of hybridization between weakly

sponsible for the unusual low-energy electron spectra and thiateracting oxygerp electrons and strongly correlated copper

numerous anomalies of the physical properties of 8-  d holes, is similar to the Anderson Hamiltonian describing

cording to the scenario suggested in Refs. 10 and 23 anghe hybridization of nearly freb electrons in the conduction

verified in Ref. 11, the true IV ground state arises as a resulband with strongly localized electrons in samariufnshells.

of admixture of singlet excitonic states to the ground state offhe difference is that the ZR bound states of a local Cu spin

the same symmetry, and this admixture is non-negligibleand a hole distributed over orbitals of the surrounding O

when the binding energy of the exciton is comparable withions are formed as excitations in doped oxicuprates, while

the band gap, i.e. when the system is close to the excitonighe IV singlets are formed in the ground state as bound states

instability. To realize this scenario, one should construct theonsisting of a hole in thd-shell of the Sm ion and an

singlet exciton for the specific case of SgpB electron distributed over the orbitals of the surrounding B
According to the theory of IV rare-earth jons of the cation sublattice. The binding mechanisms are the

semiconductor$?* the singlet exciton is a bound state of a antiferromagnetidp exchange in the ZR case and the Cou-

hole in the samariurfishell and an electron spread over thelomb fp attraction in our case.

p states of the surrounding nearest-neigh@dX) boron at- Now, inserting Eq(15) into Eq. (14), we have

oms with the same crystal point symmetry asf ahectron in

the central cell . This state is constructed from electron-hole

pairs [Eqg. (13)] by means of an envelope functidf,(m o) =F(E IN"VZD P £ 10y (16)

—j). Whenqg=0, the exciton operator can be written as € ¢ A
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where P,Tm, is a localized state which is defined as follows. TABLE I. The coefficients\(m—n), where m—n=ix+jy
SmB; has a simple cubic lattice structure, with an Sm atom+kZz.

in the center of each cell, and g Broup on each corner. To
simplify the treatment, we approximate the electronic wave (i,j,k) A
functions for the boron clusters by the orbital directed

along the diagonal of the cul§see Fig. 1L These orbitals are Mo (0,00 0.935
responsible for the covalent bonding between the boron clus- ! (100 —0.104
ters and Sm sublattic&. We introduce the linear combina- A2 (1,19 0.056
tions N3 (1,1,0 —0.052
Xyz_ 1 ] ] ] Here the indexi=1,2... enumerates the coordination
Pj =ﬁ[px(1)+py(l)+pz(l)]l spheres, and the coefficients fall rapidly with increasing
distance(see Table)l
By construction, the staté6) and|W¥,) belong to the set
- 1 , , ) of eigenstates of the Hamiltoniah [Eq. (11)], with nonlocal
P Y= —=[px(i) —py() + P}, o ~t = -
J3 termsH =240 otmnC1meCins and 8H;, (defined below

excluded. However, these nonlocal interactions are respon-

etc., which represerg-type electronic wave functions cen- sible for forming the IV state. In a simplest approximation
tred atj and oriented in the directior+y+z. In analogy ~ we restrict ourselves by considering only the first term,
with the Zhang-Rice construction, we write down a localizedin the expansiori21) and take the nonlocal interaction in the
state for the Sm siten consisting of eight nearest-neighlpr ~ form
orbitals oriented to have the same symmetry as a cehtral
orbital, as shown in Fig. 1,

SHp,= 2> W(m—n)f" f. fl d. +Hc (22

mo ' nNo' no
mno

This component of electrostatic interaction violates the point
crystalline symmetry and inducép hybridization at the site
+pxy7 +p;y; +p;y; m in the presence of a hole in the neighboring a¢ellThe
m—(-1/2,1/2,1/2)" Pm+ (172, 112,1/2)7 Pm— (172~ 1/2,1/2) operatorsH,, has a property

T TRXyz Xyz Xyz
Pme= \/g[pm+(1/2,1/2,1/2)+ Pm—(1/2,12,17257 P+ (— 1/2,1/2,112)

+ Py —12 P —12)- (17)
m+(1/2,12-1/2) T Pm—(1/2,1/2- 1/2) SH ) g1 04) = W(m—1)[0,,0,) ,

States on neighboring S“e$ are nonorthogonal becau;e Where Q, stands for the celh in the ground-state configura-
sharedp electrons, Therefore, itis useful to make a canonicaly, -t this interaction intermixes the stat@$=1I1,|0,)
transformation to the orthonormalized Wannier or Bloch OP-4nd |W.). The mixing constant isw=(0|oH |”\I, ';>

ex/: - 12 Ye

+
eratorsd’, =zF(Ee) N\ oW, wherez is the coordination number for the
Sm sublattice andV is the NN interaction matrix element.
After diagonalization the local neutral states in each well

t_ _ T N2 1241 4—ik-n
Pn_% A(m=n)d,=N ; Bidee 18 e represented by the linear combinations

where — )
|Om) = €0S6|0,,) + Sinb| ¢y,),
(23)
—N- 1/2.ik- (m— —
Am—m)=NTE3, g, 19 ()= — COS0] i) + Sin]0,),
where tan 2~2w/E.,, and the valence is determined by
8 K K K K K the value of sih#. As mentioned, the local staté23) are in
Bi=3 co§EXsin27ysin272+ sin27xc032?ysin2?Z some sense the electron-hole analogs of two-hole Zhang-
Rice singlets and triplets:?® Finally, the ground state of the
2 Ky 2 ky 2 kz:| IV semiconductor is
+ sinF—=-sinf—cos—-|. (20
2 2 2
Then the exciton operator acquires the form (W) =11 [0, (24)
m
1 and the low-lying local excitations are described by the vec-
|\I,6X>:F(Eex)ﬁ mz |:)\Odr11‘10'+2i )\I% dgo}fma'|o> tor

1 . — :
N2 m)- (21) [WED)=NT22 [Yim)(On] ¥E"). (25
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The valence and the energy scale of these local excitd®breathing” mode(}, describes the polarization of Sm ions
tions(valence fluctuationsare characterized by the degree of in the cation sublattice that accompanies the propagation of
admixture of the excitonic state, in which an electron is pro-an excess conduction electrgpredominantly, over the sa-
moted to a loosely bound “molecular orbitP,,. If the ex-  marium sublattice; see belgw
citon energyE., is small enougltithe exciton binding energy The matrix elemenW,(k,,k5) is given by the integral
is comparable with the gap widtrthe value of sifgis close
to 1/2. Also keeping in mind the mean-field part of hybrid- W, ¢(Kq,Ky)
ization given by Eq.4), we conclude that in this case the
valence

:J d"ldrzﬁgx(rl)go(rl)w(rl,r2)¢:1(r2)¢k2(r2)

nv=3—ﬁf+ sir? 6 (26)  wherey(r) are the Bloch functions for the conduction elec-

trons, andE’e*x(r) and Eo(r) are the wavefunctions of the

can exceed 2.5 both in SmS and SmBhus the large de- estates created by the operat¢28). Their product is

viation of the valence value from the integer value and th
softness of local valence fluctuations are, apparently, the cor-
related phenomena. Further discussion of internal consis-

_ _ 1
* — — T fqi _
tency of the model can be found in the last section. Yex(1) tho(r)=D(1) 2{3|n 20Lpp(r) = pe(1)]

— cos 20f,, Ar)dy, A1)}, (28
. TRAPPING OF CONDUCTION ELECTRONS AND
HOPPING CONDUCTIVITY wherep'(r) = |fxyz(r)|2 is thef-electron density in the center
of the cell (see Fig. 1, and pP(r) = F2(Eg)Aj|dyy A1) is

The samples of good quality which were studied in they,o 1 ejectron density in a central cell given by the first term

experiment_s ofdthe past ldecade mentionedl_il? Shec. I a&n the right-hand side of Eq21). The conduction-electron
n-type semiconductors at low temperature, unlike piktgpe density OperatOFPkl,kz(rl):l/fﬁl(rz) l/sz(rz) is determined

samples of the first generatiéhThe electron concentration 1 i
by the Bloch functiong4). Near the bottom of conduction

in these samples is estimatedrat~10' cm 3 at ambient : :
pressure and liquid helium temperatdfkin order to inter- ~ Pand this operator can be approximately presented as

pret the transport properties of these samples one should de-

termine the spectrum of electrons at the bottom of the con- pkl‘kz(l‘l)%pf(r)'f' §cpﬁl,k2(f1) (29
duction band in the presence of soft valence fluctuations. In

our model the local valence fluctuations arise as transition8y means of Eq(8). Here

between the stateg®,,) and |, given by Eq.(23). It is

known that these valence fluctuations are the source of {=Vile?,, (30)
strong anomalies in the vibration spectra because the charac-

teristic time 7,¢ of valence fluctuations is close to phonon

times 7,5~ w,, ~10 1 s. Therefore, one can expect that PR = 2 e kK iy )2, (3D
these “slow” excitations could dress the carriers and form BN OINY

an electron-polaron cloud similar to the phonon cloud WhiChandsszaf—sk . Then the coupling constant in the Hamil-

results in polaron self-trapping in dielectric crystdkee, tonian (27) acquires the form

e.g., Ref. 27.
To describe electron self-trapping we start with a Hamil- ~
tonian including the interaction between the conduction elec- W, (Kq,Ko)~Wo+Wq 8Bk ., (32
- > i ! i vflR1,K2 0T W1Pk,~k,
tron and thdocal valence fluctuations in a single lattice site
n=0: where
He=2, e(k)cic+QoATA WOZJ drydr,D(r)W(ry,rp)p'(r),
k
T T ~ .
+k§(2 [Wor(ks k)G C,ATTH.CL. (27) Wlﬂkl—kzzf drydroD(r)W(ry,ra)pk i, (r2+i).

This Hamiltonian stems from our basic Hamiltoniéirl). It~ The structure factop is given by

includes the electrons in the upper conduction bihe spin

summation and band indes< 2 are omittedl Only the term K K

which corresponds to momentary, local redistributions of B, =8 COS~ COS— COS~ . (33)
charge and valence at the site of the excitation due to the 2 2 2

interaction with the charge carrier is retainedHn,. The |t js seen that the first ternv, dominates in the electron-
valence fluctuations with the ener@}, are described by the exciton interaction; therefore, we begin with a calculation of
local operatoA’=)(0|. This excitation is in fact a charge the electron self-energy induced by this term within the low-
transfer between the periphery and the center of the cell. Thest order of perturbation theory. The theory which allows
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K1, ®- Q, k,,®
W, kk,) W, k,k,)

m(w)m(w—0Q,)

FIG. 2. The self-energy diagram corresponding to @B3). The
straight line represents a conduction electron, and the wavy IineNgO
represents a soft valence fluctuation. T

-8 -6 -4 -2 0

w(meV)

inclusion of nonlocal corrections due to small teraw, in

Eq. (32) is described in the Appendix. We calculate the elec-

tron Green’s function in the Matsubara representation, FIG. 3. Graphical solutions to Eq€39) (solid line) and (43)
(dotted ling using eg=5 meV, m*=100m,, Q,=5.5 meV, w,

B Fo =25 meV, ande, =21 meV.
Gkk’(wn):f (T cu(7)cy,)e'“n™dr (34)

° results in the appearance of bound electron-polaron states.

[w,=(2n+1)=T], interacting with a localized valence fluc- As usual in three-dimensional problems, the threshold value

tuation mode() described by the propagator of the attractive potential determines the onset of the bound

state. To find the constraints on the solutions with negative

energy (corresponding to bound stajesve examine the

D(wy)=— % (35 functionm(w) defined in Eq(39):
wnt+Q§
[w,=27mT]. The Dyson equation for the electron Green’s » dik.dk.dk 1
function is m(w):j Xy ] (40)
—n (2m)3 w—ek)
Gy (@) =Gp(w) 5k'k,+2 Ek,kz(wn)sz,k’(wn)}- At =0 the integral may be evaluated numericatige the
ka Appendi¥. Figure 3 demonstrates the graphical solution of

(36) Eq. (39) for a reasonable set of model parameters. The value

In the lowest order of perturbation theory the self-energyof {1o=5.5 meV correlates ths experimentally observed peak
Sy, k(wy), after carrying out an analytic continuation into in optical reflectivity spectr&’ and the binding energy of

the region of real frequencies, acquires the fégee Fig. 2 loca@lizédw,~3.5 meV is in good agreement with the acti-
vation energy registered in multiple optical and transport

measurements in the temperature interval 6—-14d¢ Ref. 5
R _ and references thergin
ok @) kz1 Wor(kika)Works ko) Pig(@. o), We have demonstrated the existence of a self-trapped
(837)  state in the simplest approximation, whereby the local polar-
ization mode is taken into account in second-order perturba-
tion theory. However, the values of the parameters necessary
to achieve reasonable agreement with experiment give for

where

P (@,0)= Jw E ImD(e) the dimensionless coupling constarntw, /() the value of
kL TERR0 _2m ete(k)—w—id a~4.5. This means that in fact we are in a strong-coupling
k) limit, and a more refined treatment is necessary. The gener-
IS 1 € alization of the theory to the strong-coupling limit can be
x| tan 2T +coth2—_|_ ' (38) done in close analogy with the theory of small polaron. One

: & A S oS
Approximating the nonlocal potenti&l/ (k,k;) by its local &N make the canonical transformation=e- “ce”, where

partwg, we come immediately to the following equation

2 _ Wuf(kyq) + t +
1-wim(w)m(w—Qg) =0, (39 o Q—O(Ckck+qu_Ck+quA—q) (41)
wherem(w) =32,G(w).

In close analogy with the polaron self-trapping efféct, (see, e.g., Ref. 28We have seen above that the local term

one can expect that the attractive polarization potential witVo is dominant in .electron-exci.ton. coupling constéﬁq.
an effective coupling constant (32)]. Then neglecting the contribution of the “taikv,; we

come to purely local interaction at a given site=0,
namely, 5H12=WOCSCO(A3+A0). Eliminating this interac-
go(w)=wc2,2 G (w— Q) tion by means of a canonical transformatidty. (41)], one
ke 2 comes to the effective Hamiltonian
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_ S S . ‘ . IV. CONCLUDING REMARKS
He=e "Hee % Sfcmcm+m%o TrnCmCa+ {oAoAo As a result of the above analysis, one can understand the
mechanism of reduction from the eV energy scale character-
— £poiCiCo— > (Tmocgcme—a(Ag—Ao)+H_C_)_ (42)  istic of initial Hamiltonian (1) down to meV scale of low-
m#0 lying charge excitations in the-type material. First, at the
mean-field level of approximatiofEgs. (2)—(10)] the gap
Now the main part of electron-exciton interaction is takenAo~10-20 meV opens, and states near the bottom of con-
into account exactly, and it is contained in the polaron shiftduction band become heavy. This initial reduction of the
This shift induces the local scattering at the itevhich is ~ energy scale is characterized by the paramgt¢Eqg. (30)],
given by the OperatOEmekl,szllez- where g o= aWj. and the position of thé level relative to the bottom and top

The local scattering can be inserted in the self-energy of thg" the bare conduction bane, can be extracted from the
ratio of effective masses

conduction electron in the same manner as it was done in
second order of perturbation theory in E86). However,
now the calculation is exact, and instead of E2f) one has e \v2 [mk 12

Eﬂ:(_") ~| < (44)

Le

0=1+sp0,; [w—e(k)] '=1+epom(w), (43 wheree=ey —e¢, € is the top of the band, and the
parameter;, = (Vo/e)? is determined similarly ta,. We

which can be solved by using the same approximation as iHegIgct in these crude estimates _the anisotrc_)py of hybridiza-
Eq. (39). In any case the electron can be trapped by locafion integralV(k). The hole effective mas®; is evaluated

valence fluctuations provided the polaron shiff, = aw, as”(5_00_10009“0'2'5 so we taker ~1/3, which is consis-
given by the bound solution of E¢39) exceeds the charac- tgnt with our assumption that the mean-field hybridization
teristic kinetic energy of the electrons near the bottom of thedives only part of the actual value of the valentg. Ac-
conduction band. Therefore the effective mass enhancemef@rding to our previous calculatiofi$,the value ofr =1/3
due to pf hybridization favours the formation of a self- corresponds ta;~0.75, and the experimentally observed
trapped state. value ofn,~2.55 can be reachazhly by means of excitonic

In Fig. 3 we show a bound state solution with energy 3.5mechanism, with the exciton mixing parameter &ir0.55
meV in agreement with the activation energy observed irisee Eq(26)]. This value, in turn, agrees with our assump-
transport measurements and absorption edges in optical efton of a soft excitonic mode. Then, from E@10),
periments. In both cases the coupling constagis treated =0.01, and taking for the bandwidiy,+ e, the value of 4
as a free parameter. In the second-order perturbation calceV in accordance with the band calculations for the related
lation w, is determined to be 25 meV, which, as we havesystem'® we estimate the hybridization coupling constant as
discussed above, indicates that our solution lies in the limiy~0.1 eV which is a reasonable value for the rare-earth
of strong coupling. In the non-perturbative calculation wematerials. To make these estimates self-consistent, a hybrid-
find that 8p0|:w§/QO=21 meV, which implies thatw, ization gap should be found. The gap is defined via the above
=11 meV. Because we are in the strong-coupling limit weparameters a&,~{cep+ ¢, . Inserting the values of cor-
do expect a deviation between the exact calculation and theesponding parameters, we fiddy~13 meV which is in a
second-order perturbation result. However, our results argeasonable agreement with the experimental data.
close enough to suggest that the physical content of the per- Now, turning ton-doped materials, we deal with heavy
turbative calculation is correct, that is, that an electron mayelectrons, which interact with the valence fluctuations. The
bind to a single local valence fluctuation and the result is &inetic energy of these electrons is estimated-ag3/e ,
localized electron-valence fluctuation complex. Moreover,~10 2 eV, and the energy scale of valence fluctuations is,
we also observe that our results are not particularly sensitivby their origin, limited from above by an energy gap of the
to the input parameters, and are therefore not the result afame 102 eV width. The polarization coupling constant
any special “fine tuning.” All of this is a consequence of the W,; [Eq. (32)], as well as the “superhybridization” matrix
fact that the relevant energies are all roughly the sahe: elementsW in the Hamiltonian(22), should be at least an
=5.5 meV,A2%/a?m* =5 meV andA .= 3.5 meV. order of magnitude less than the mean-field hybridizatipn

The last term in the effective Hamiltonid#?2) is respon-  so the value ofvy=25 meV, which is used in our numerical
sible for the exciton-assisted hopping in an electron-polarosolution of Fig. 3, looks realistic. Eventually, solving Eq.
band. The electron self-trapping can occur around any arbi43) for the polaron shift, we descend one more step along
trary lattice site, so the trapped particle can move from ahe energy scale and find ourselves in a meV region. The
given cell to the neighboring cells by a mechanism whichpropagation of a self-trapped electron-polaron can in prin-
resembles polaron propagatit?® Therefore, the electron- ciple be characterized by even lesser energies of the order of
polaron drift in an electric field is responsible for the con-10" meV.
ductivity at T—0 in n-type SmB. We leave a systematic Thus we have found that heavy electrons near the bottom
treatment of electron transport in IV semiconductors for fu-of the conduction band can propagate in a lattice only in a
ture publications, and conclude this article by qualitative dispolarization cloud of valence fluctuations. It is worth men-
cussion of anomalous loW-behavior of SmB mentioned in  tioning that this conclusion correlates partly with a recent
Sec. I. proposition of Kasuy&® in spite of the fact that his model of

*

Et b

m
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the ground state of a mixed-valence semiconductor disagreezbntinuum. The residual resistivity, is inversely propor-
with our picture in several respects. He chose the trial wavéional to the hopping rate between two neighboring crystal
function for a local singletwhich he calls Kondo singlgof  cells,

the form

P61~Srnn~Tmnq)mna (46)

Opm) = | O + agmAiin| (45) _
1Om) = 2timl O+ etgmAAa] ) where® .= (| ) is a function describing the overlap of
whereA! —dc.. is a charge-transfer operator. which cre- the valence fluctuation “clouds” centered around the sites

dm ~ = mdm g P ' andn. As T—0 the process is elastic, so the conductivity is

ates an electron in adsshell of _Sm lon anq a holle.otﬂ temperature independent. In Sgiis type of conductivity
symmetry spread over surrounding boron sites similarly to

. . . is observed foif<3 K.3%8 At higher T the hopping is, ap-
our f-.||ke orbital Pr, entering the_ sta.ttxpm> [Eq. (.21.)]' The arently, assisted by phonon and exciton emission or absorp-
physical reason for such a choice is the conviction that th ion. Of course, the temperature dependence of this hopping
5d electrons also constitute a strongly correlate_d su‘bsysterpan differ from ’that for usual variable range hopping in im-
and hav_e a tenden_cy to form a bor?d'”g Kondo-like m@ urity bands. This transient regime can be seen in the range
f states in conventional Kondo lattices. However, looking a

. K <T<6 K, although the experimental data on the tem-
the real band structure of the rare-earth hexaborides, we s€e d d i biaudSEIn th
that the admixture off states to the bane| is very small: the perafcure ependence are still ambigu 15N the te.m.p.era'
. S . . ture interval 6 K<KT<14 K, thermally activated resistivity in
center of gravity ofd states in divalent hexaborides is at an

» . SmB; with an activation energy ofA,.~3.5 meV is
energy of~7-8 eV above the bottor,, of the conduction e p-58 ¢ higher temperatures the electrons dissociate

band(see, e.g., Fig. 5 in Ref. 17Therefore, 8l levels are  from their local valence fluctuation clouds, and, as a result of
practically unoccupied, and one cannot expect any kind ofjs detrapping, find themselves at the bottom of the conduc-
effective screening in @ channel. Nevertheless, our model tjon band. At these temperatures the activation of valence
includes an effective screening ekcesselectrons in the glectrons also gives a significant contribution to the electron
conduction band which resembles Kasuya's mechanism: thé’onductivity.

canonically transformed operatocg in the weak-coupling The same three regimgdll, Il and |, respectively, in
limit can be presented ag~co(1+ A}, and the operator terms of Ref. $ with an additional pronounced maximum
Aj returns part of the charge density back to the Sm site fron@round 5 K, are observed in the temperature behavior of the
the periphery of the unit cell, i.e., plays the same role as th&lall constantRy(T)."” This maximum can be explained, at
operatorAl, in trial function (45). The screeningor polaron least qualitatively, within a simple phenomenological picture
dressing in our model is due to the same valence quctua—c_’f two groups of carriers with high and low electron mobili-
tions as all other physical effects, so the totality of the ex-i€S; #p=CRyo, and up=CcRyay, whereR,, and oy, , are
perimental data is explained in a self-consistent schemi® Hall constants and conductivities of ligt) and heavy
without appealing to any additional hypotheses. As a resulth) Carriers, respectively. In the case of hopping in impurity
our model is free from undesirable features of the “KondoPands of doped sem!conducté?s,two contributions o7,
insulator” approach which are not confirmed by the experi-(hopping andor, (band in the electron conductivity result in
ment. the following equation for the Hall constant:

(i) We do not appeal to the Kondo mechanism of forming
the ground-state singlet, and the independence of the activa-
tion gap on external magnetic fieldlwhich rules out the
Kondo insulator mechanism, agrees well with the expecta-
tions of our model.

(if) The ground state of our Hamiltonian is absolutely ho-Then the maximum irRy(T) corresponds to a crossover
mogeneous, and this statement agrees fairly well with availfrom hopping motion at lowT to band motion at higH,
able experimental observations, whereas the trial functioprovided u,> wuy,. In our case the phenomenological back-
(45) implies charge modulation in a form of Wigner crystal ground of this equation still exists, but the microscopic ori-
or Wigner liquid?® gin of all temperature dependences should be revised be-

(iii) The model of Ref. 29 gives a single gap which pre-cause of the essentially many-particle nature of heavy
determines electronic, optical, and magnetic properties of thearriers.
material, and it is unclear whether it is compatible with a real  First of all, it is clear that the standard estimates of the
experimental situation which definitely evidences several enaumber of “scattering centers” obtained from the value of
ergy scales for electronic and optical characteristics othe residual resistivity, are simply inapplicable in our case,
SmB;.>8 since we deal with hopping of many-particle electron-exciton

(iv) Unlike the bare ground stat®), the wave function complexes rather than with the motion of extended band
(45) is not fully symmetrical, so one can expect a sort ofelectrons. Thus, there is no room for unitarity limit argu-
ferroelectric ordering a3 — 03132 ments in these estimates, and the “superunitarity scattering”

Turning to the problem of low-temperature transport, wereflects the many-particle nature of current carriers in semi-
conclude that aJ —0 the electron propagation is valence- conductors with fluctuating valenéé Thus the paradox of
fluctuation-assisted motion of an extremely narrow “polaronthe number of scatterers per Site removed, and we return
band” separated by a gafy,.; from the conduction-band to the usual situation with one scatterer per unit cell.

Rb(rg-l- Rhaﬁ
W= - (47)
(optop)
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The next question is the enormously strong pressure deexciton-assisted terms which appear instead of the overlap
pendence of the residual resistivity and the Hall coefficfent. integral®,,,,. As a result, bothr,(T) ando,(T) give expo-
Again, according to our model, one cannot directly apply thenential contributions with an activation energy &f.;~ 3.5
notions of charge transport in a band of extended states faneV to the electron conductivity and the Hall constgag.
an estimation of the carrier concentration. We think that thg46)]. Again, it is impossible to calculate the variation of the
key to the extraordinary sensitivity of the residual resistivity electron concentrationg(T) directly from this equation. We
po andRy(T—0) to external pressure the increase of Sm leave the detailed evaluation of various transport coefficients
valence with growing pressure FPhe eventual source of this for a forthcoming paper, but to conclude this qualitative dis-
increase is growind p hybridization. Because of increasing cussion we would like to emphasize that according to the
valencen, as a function of pressure the matrix elemeévy theory proposed in this paper the total carrier concentration
[Eq.(32)] decreases. As a result the polaron shiffy as well  in conduction band g~ 10 cm™3, at least while the in-
as the binding energy of the self-trapped electron also deterband electron activation is negligibl&€A,), and there
crease. The excitonic overlap functidn,,, also grows due is no room for dramatic pressure or temperature variation of
to lattice contraction. Since both the hopping integfal, ne in the mixed-valence phase 0fSmB;. The real semicon-
and the function®,,, depend exponentially on the intersite ductor to metal transition occurs only Bt- P, when the Sm
distance, one can expect a very sharp dependence of tlvalence changes to the integer valuetd.
hopping rate on external pressure. The radius of the localized In conclusion, we have demonstrated in this paper that the
state with binding energy 3.5 meV and effective massntermediate-valence state is formed in Sy@B the result of
~100m, is estimated to be 2—4 Aand an increase of this both conventional mean-fielgf hybridization in the electron
radius by an order of magnitude would be enough to obtain dands and the excitonic instability which is manifested by
10* growth of the hopping rate. Such an increase is achievthe admixture of low-lying singlet charge-transfer excitons to
able under a pressure of 50 kbar. At higher pressures the trape mean-field ground state. The latter mechanism gives the
becomes too shallovthe valence too close tg 8 catch the  main contribution to the value of intermediate valemce
electron; the system transforms into a conventiondbped  This instability is a common feature of SmBnd SmS, and
degenerate semiconductor, and eventually it becomes a methis is the reason why the value 0f is practically the same

with trivalent Sm ions in the cation sublattice. in these two compounds in spite of completely different band
Finally, the question of the variation of electron concen-spectra.
tration ne with increasing® and T also demands special con- It is shown also that the motion of strongly hybridized

sideration. Usually information abourt, is extracted from electrons near the bottom of the conduction band is strongly
the value ofRy under the assumption of single-band conduc-influenced by valence fluctuations. The polarization of
tivity when Ry~R,=(n.ec) . According to the experi- intermediate-valent Sm ions induced by these heavy carriers
mental data cited abov&y, is nearly constant in the tem- results in a self-trapping similar to electron self-trapping in
perature interval I(below 3 K), but falls drastically with polar dielectrics, and valence fluctuations play the same role
applied pressureRy (45 kbar)Ry(1 bary~10"%. However, (and have nearly the same characteristic times optical
in our case of two-component systems witg> o, the Hall ~ phonons in the conventional polaronic effect. Like the small
constant takes the form polaron case, self-trapping does not mean a spontaneous
breaking of global translation invariance: the electron can be
trapped in any crystalline cell, and the mechanism of its

_ MpOpt Uhoh propagation at ultralow temperature is exciton-assisted hop-
H CU% ' Eingdsimilar to phonon-assisted hopping in a narrow polaron
and.

It is seen immediately that the pressure dependence of this
function is determined mainly by the denominator, and the
decrease oRy with pressure is due to the exponentially ACKNOWLEDGMENTS
growing factorS,,, in Eq. (46) for o}, rather than to increas-
ing Ne.

Generally speakindyy derived from Eq(47) also cannot
be used to determine electron concentration neither in regio
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=(ne€C) *un/up, Whereuy p are the Hall and drift mo- APPENDIX
bilities respectively. Ifuy /up>1 at lowT the real electron
concentratiom, may substantially exceed the valuergf,. Below we describe the self-trapped state of the electron

Referring to the exponential dependencer¢T) andRy(T) captured by the nonlocal potenti@?2). For the sake of sim-
in region Il, we should note that there are at least two causeglicity we consider the case of conduction band with a mini-
of such a dependence. First there is the thermal activation ahum at thel’ point of the Brillouin zone. To solve the
electrons from the polaronic traps to the band continuunDyson equatior{36), we offer the procedure of factorization
states, and second is the temperature dependence of the hgthe vertex matrix element,;(k,,k,). The latter can be
ping rateS,,, due to the contribution of thermally activated represented in a form\lvf(kl,kz)zzgzoyﬁlyﬁ‘z, where
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Vo

k k k
J8¢W, COS— COS— COS—
{wy

2 2 2
k k k

V8w, SiN— COS— COS—
2 2 2
k k k

\/8¢W; cos— sin—= cos~
2 2 2

ke ky ok

yo— \/8§W1cosEcos§smE (A1)
k k k
\/8§wlsin§Xsin§ycos§Z

k k k
J8iw, cosEX sinEy sin;Z

k k k
V8w, sinEX cosEy sin§Z

k k k
V8IwW, sin;X sinfy sinEZ

By writing Gi==X,y;, Gy« , We obtain a solution fof
of the form

Gi(w)=(M"1H)RGR(w), (A2)
where
Mab= sab_ 2 020 GEl(w)sz(w,Qo) ﬁlyﬁlyﬁz'ytk’z.
(A3)

Here the indexa=0 corresponds to the fully symmetric so-
lution described approximately by E9), anda=1 stands

for the nonlocal contribution of the “tail'w; with the same

A1 symmetry. For the indices,b=2, . .. ,8 thematrix M is
actually diagonal since terms in the integrand must be even
in Ky ,Kqy Ky, , @andkyy Koy Ky, and therefore=c=b. For
these componentdl is given by

M3= 5, [1-mA(w)m(w—Qy)], a,b=2,...,8.
(A4)

For the componenta,b=0,1 M reduces to a 2 matrix

1-mY(o)m%(0—Q —m(w)M(w—1Q0)

“Meo)Mw—0Q) —me)mi(o—~Q)
M=
~Me)M(0—0Qy 1-m(e)M(w—~0Q)
—mo)Mw—Qy) —Mm(o)m(w—Q0)
(A5)

In Egs.(A4) and (A5), m(w) is given by

ma(w):; Glw)(¥H)? a=0,...,8, (A6)

m(w) = ; G w) ¥yt . (A7)

Thus we find thatM is reducible to the different representa-
tions of the group of symmetry operations on an octahedron
Op: a=0 and 1 anda=8 stand for the one-dimensional
representationé; andA,, respectively, whilea=2, 3, and
4, anda=5, 6, and 7 are the indices of triplet stafesand
T2.

Hence, the secular equation which generalizes (Bf)
has the form(for {<1):

mAL T T2 A2(g) = Wlf

Here the choice of three signs corresponds to thg state,

8
0= DetM=[1—m°(w)m0(w—(20)—2m1(w)m1(w—90)],1:[2 [1-m¥(w)m}(w—Q)], (A8)
= dk.dkydk, {(1* cosk,)(1+ cosky)(1= cosk,)
-7 (2m)3 w—e(k) ' (A9
[
0 WO 1 2|w|
m (w)~6—0 —0.39+ o— < | (A10)

two + signs corresponds to thig triplet, two — signs cor-
responds to thd, triplet, and three— signs corresponds to
the singletA,. To study the analytical properties for small

w<0, we use the fact that the dominant contribution to the

integral comes from small values &f Near the bottom of
conduction band:,(k) the hybridization is strong, and the
band is nearly flaisee Eq(4)], so expanding the dispersion
around the minimum at the bottora(k) ~%2k?/2m* in ac-

cordance with Eq(9), we refer to the heavy effective mass

of m*~100m,, observed experimental}? Then we find
for, small <0,

iy 1 /2|w|)
m1(w)~70<_1'31+ﬁ < | (A11)

mTl(w)w—( —o.35+o.2463|), (A12)
0
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m'2(w)~ %( —0.20+ o.ogﬂ) , (A13)
€p €p

mA2(w)~ %( —0.14+ o.oﬂ) , (A14)
€0 €0
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whereey,=%2/a?m* ~5 meV. Solutions of Eq(A8) for the
values of the parameters given in Fig. 3 yield no bound states
for T,, T,, andA,, so we conclude that the approximation
W, s~w for potential(32) is sufficient for the description of
the bound electron-exciton states.
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