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Peter S. Riseborough
Department of Physics, Temple University, Barton Hall, 1900 North 13th Street, Philadelphia, Pennsylvania 19122, USA
(Received 13 March 2003; revised manuscript received 11 July 2003; published 31 December 2003

Kondo semiconductors exhibit a gap in their low-temperature excitation spectra, and can be modeled by the
Anderson lattice model at half filling which shows a hybridization gap. The mixed-valent Kondo semiconduc-
tor SmB; also shows in-gap magnetic excitations that exhibit the temperature dependence and dispersion that
are expected from magnetic excitons. The gaps measured in the Kondo semiconductors are extremely sensitive
to doping in which thd ions are substituted by ndnions. Recent measurements on Y{bBhows a feature
similar to that of the magnetic exciton in SgBFurthermore, the concentration dependence of the features
observed in inelastic neutron-scattering spectra of doped, YibRlifferent from the concentration dependence
found in measurements of thermodynamic and transport properties. The impurity concentration dependence of
the gap and the spin-exciton features are investigated. The spectroscopic properties are calculated for the
Anderson lattice model at half filling, in which the disorder is treated in the coherent potential approximation.
The results are compared with the recent experiments.
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[. INTRODUCTION therefore, the simple Kondo picture used in this work might
not apply.

The low-temperature thermodynamic, transport, and spec- The properties of the Kondo semiconductors are reason-
troscopic properties of Kondo semiconductors, or heavy ferably well described by those of the Anderson lattice model in
mion semiconductoté such as C¢Bi,Pt, (Ref. 3, SmB;,  which the semiconducting state occurs when the hybridiza-
(Ref. 4, or YbB,, (Ref. 5 are dominated by extremely small tion gap straddles the Fermi enef§y® The hybridization
temperature-dependent gaps of the order of tens of degregap is subject to many-body renormalizations that produce a
Kelvin. In contrast to ordinary semiconductors, the ex-temperature-dependent reduction of its magnitude which is
tremely small magnitude of the low-temperature gap is atconsistent with the behavior of the gap determined experi-
tributed to renormalization caused by the strong electronmentally from transport measuremefitd.he behavior of the
electron interactions between the electrons in thehell.  gap has been investigated in a series of experiments in which
Gaps have been observed in inelastic neutron-scatfefing the f ions have been substituted with nériens2°-?” Sub-
and optical-absorptidfi—*measurements at sufficiently low- stitutional doping has the effect of collapsing the gap struc-
temperatures. Inelastic neutron-scattering experiments on thare in the density of states. The hybridization gap is a direct
low-temperature state of strongly mixed-valent materialmanifestation of the coherence of théons, and the intro-
SmB; (Ref. 7) show the existence of sharp branch of disper-duction of substitutional disorder has been shown to produce
sive magnetic excitations within the gap. Similar featuresmpurity states within the gaf#?® The theoretical
were also found in polycrystalline samples of YpB® At descriptioR® 3 is quite consistent with the experimentally
temperatures higher than the gap energy, the thermal popobserved specific heat and resistivity. Thus, for example, the
lation of electron-hole pairs participate in quasielastic scatexistence of impurity states roughly 3 meV below the upper
tering. This results in that the gaps observed in opticaledge of the hybridization gap quite naturally explains
absorption® '3 and inelastic neutron-scattering spettfa resistivity’>3® and tunneling measuremefftson SmB;,
vanish. In this high-temperature regime, the properties of thevhile optical* and point-contact spectroscapyndicate that
Kondo semiconductors resemble those of a heavy-fermion ahe magnitude of the overall hybridization gap is of the order
mixed-valent materials. of 20 meV.

Compounds such as CeNi@Ref. 14, CeRhShRef. 15, The sharp dispersive mode within the gap found in the
and FeSiRef. 16 are materials that are closely related to themagnetic response of SrgBRef. 7) has the same dispersion
Kondo semiconductors. Careful studies of high quality crys+elation and temperature dependence as predicted for spin-
tals of CeNiSn(Ref. 17 have revealed that although the exciton excitations® Spin-exciton excitations can be envis-
compound does have a pseudogap structure in the quasipaiged as bound states of electron-hole pair excitations caused
ticle density of states, the material is very anisotropic ancby the strong antiferromagnetic exchange. Alternatively, the
metallic!’ Recently, theT? term in the low-temperature re- spin-exciton excitations can be thought of as continuations of
sistivity of CeNiSn has been found to have a large coeffithe antiferromagnetic paramagnonlike excitations which oc-
cient, and Shubnikov—de Haas oscillations have beegur at energies above the threshold of the continua of
measured® These recent observations confirm that CeNiSrelectron-hole pairs. The antiparamagnon excitations usually
is a semimetal. The appropriateness of describing thenly exist as a resonance within the continua of spin-flip
transition-metal compound FeSi as a Kondo semiconductoeglectron-hole paifStonej excitations which, for metals, ex-
has also been called into questidh?! since thed band has tend down to zero energy. Therefore, to a first approxima-
a width which is comparable to the width of the gap and,tion, antiparamagnons should only exist above the gap in a
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semiconductor. However, in the Kondo insulators which .

have large strengths of the antiferromagnetic interactions, Hd=k2 e(k)dy 0y 3)
these branches of excitations soften at low-temperatures and e T T

continue within the hybridization gap, thereby forming the\yhered] . andd, , are, respectively, the creation and anni-
branches of spin-exciton excitations. Since the widths of th%'lation'éperator’é for a conduction electron with the degen-
antiparamagnon resonances are caused by an electron-h(él:%cy indexa in the Bloch state labeled by the wave vector

pair decay channel, the broad antiparamagnon peaks undergp Since all the known Kondo semiconductors have cubic

significant narrowing at energies below the threshold of the- . . . .
Stoner excitations. symmetry* the dispersion relatior(k) for the conduction

While analysis of transport measureméntsf YbBy, electrons is calculated in the tight-binding approximation for

. S . imple cubic lattice, with hopping matrix eleméantThe
yields an activation energy of 10 meV, presumably dom;-2 S'MP : Te =
nated by the pinning of the Fermi level to impurities, the bandwidth is denoted by and is given byW=12. The

optical absorption measuremefitindicate that the magni- termHgq represents the hybridization which couples the lo-
tude of the intrinsic gap is about 20 meV. Earlier inelasticcalizedf levels and the itinerant conduction band states. The
neutron scattering measurements on YpBRefs. 8 and ®  hybridization interactiorﬂfd is written as

showed the existence of magnetic scattering peaks around 15

and 20 meV. The temperature dependence of the 15 meV R 1
peak is indicative of it having a many-body origin, perhaps Hig=—7= 2 {v exp:+ik.Rj]dlyafj,a
being a spin-exciton excitation. The results of recent inelastic N kJ.a - -

negtron—sca}tterlng expenmef’l’ts.on YbB,, havg been RV exr{—ik.Rj]f;’,adk,a}. (4)
claimed to indicate a difference in the concentration depen- —— -
dence of the gap from that observed in thermodynamic proprhe first term represents the process in which an electron
erties. Since YbB, may also support spin-exciton excita- wjth quantum numbea tunnels out of the orbital on sitej
tions, this discrepancy might be due to the spin-excitonntg the conduction-band state labeled by Bloch wave vector
having a different sensitivity to impurities. In this paper, we i The second term is the Hermitian conjugate and represents
shall examine the effects of disorder on the dynamic Madhe reverse process. The quantum numbés conserved in
netic response, particularly focusing on the branch of sping,e 1,nneling process and the matrix eleménepresents the
exciton excitations. The heavy-fermion semiconductors W'”strength of the isotropic hybridization. Ikeda and Miy3ke
.be mqgjelgd by the Andgrson lattice model. The effect O,f thEhave proposed that CeNiSn can be described by a similar
|mpur|t|es is treated within the coherent pote_zntlal approxima ybridization gap model, in which the hybridization is highly
tion (CPA). We shall compare our results with the measured, isqopic and vanishes for certain directions in the Bril-
inelastic neutron scattering and the thermodynamic propeig,,in z0ne. The vanishing of the gap along these directions
ties of the mixed-valent Kondo semiconductors. leads to a semimetallic state. A competing theoretical picture
of CeNiSn starts by assuming a spin charge separated®State.
Il. DISORDERED ANDERSON LATTICE MODEL Since the Coulomb repulsiobls; is the largest energy
_ . scale in the problem, we shall take the linult;—c. This
The heavy-fermion semiconductors are modeled by theimit precludes multiple occupation of theorbitals at any
Anderson lattice model at half filling. The Hamiltonian is sjte. Thef electron operators are replaced by the produdt of

written as the sum of three terms: quasiparticle operators and slave boson operators. In the
U¢s—oe limit, the Coulomb interaction is treated by enforc-
A= |:|f+ |:|d+ |:|fd _ (1) ing a constraint on thequasiparticle and boson operators. In

the mean-field approximation, which is exact in the limit of
large degeneracil;— o, the slave boson amplitude is re-
placed by a complex number. Thus, the Coulomb repulsion
produces renormalized quasiparticle bands. The Coulomb re-
pulsion renormalizes the position of thi¢evel, E; to a new
position Ef just above the chemical potential, and also
reduces the hybridization strength frorto V. These renor-
malizations are express&ds

where the indexr labels the states of thé;-fold degenerate

The first termH; describes the Hamiltonian of the degener-
ate localized electronic states. It is written as

u
P T ffet ot
Hf—JZa Ef,jijaf,,aﬂ;ﬁTijaijﬁfjﬁfj,a, (2)

f level whilef;a andf; ,, respectively, are the creation and E;—E¢=E;+A\,
annihilation operators for ahelectron with degeneracy in-
dex a at sitej. The term proportional t&; ; represents the VoV=Vy1-n(T) (5)

binding energy of a singlé electron at sitg§ and the term

proportional toUy; describes the Coulomb repulsion be- wheren(T) is the temperature-dependent average number
tween a pair of electrons located on the same lattice site. Thgs f electrons per unit cell, and tiHeenergy shiftx is deter-
termHyg is the Hamiltonian of the conduction electron states.mined by a self-consistency condition. The self-consistency
It is written as conditions are evaluated as
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1 © daw _ the Fermi energy, leading to tHeorbital being unoccupied.
* df R .. . .
M1-ni(MI=5 kE @V ImGT(kkiw+id),  The binding energy at the sifeis given by

©) Er,—E(+AE, (11)
where the off-diagonal Green’s functioG9/(k,k";w) is . o
given in terms of thef quasiparticle Greens function When animpurity is presengy=2, and as
G'f(k,k';w) via

Ef‘j = Ef (12)
G (kK ;)= \ G (kK : ) @) when anf ion is located at the sitee=1. We shall take the
== [w—e(k)] ~ == limit AE;— which corresponds to the case of La impuri-

ties in CgBi,Pt; or Lu impurities in the electron-hole analog
YbB,,. When this limit is taken, the effect of the Coulomb
shift on AE; can be safely neglected.

and the number of electrons per unit cell is given by

nf(T):—%E fidff(wume”(g,g;wﬂ&). (8)

Ill. COHERENT POTENTIAL APPROXIMATION

The f quasiparticle Green’s function of the homogeneous he eff ¢ disorder i d within the sinale-si
system is evaluated as The effect of disorder is treated within the single-site ap-

proximation using the CPA In the CPA, the local Green’s
[w—e(k)] function Gj-fl-f(w) is replaced by the configurational averaged

= VR local Green’s functiorGf(w), which describes the effective
(0—Ep[w—e(k)]-|V| : : : :
medium. The configurational averaged local Green’s func-
tion has periodic translation symmetry and, therefore, is in-
The upward renormalization &; has the effect of reducing dependent of the site indgxAs a consequence, the Fourier
the number of electronsn¢, and, therefore, minimizes the components of the configurational averaged Green’s func-
effect of the Coulomb repulsion. The renormalization of thetions are diagonal in the Bloch wave vector Thus, the
hybridization matrix element represents the average redu@onfigurational averaged Green’s function can be written in
tion in the probability that a quasiparticle will tunnel from the same form as that of the ordered system, but in which a
the conduction band into arlevel, as the Coulomb interac- complex self-energ¥ (w) is introduced to replace the renor-
tion forbids tunneling into a level that is already occupied.mgjizedt level binding energg; . Thus,
The conduction bands and thquasiparticle bands hybridize
and form bands with mixed character. The bands are sepa-

G'(kk';0)= 8%(k—K')

rated by an indirect gap of magnitude4V2/W in an energy G'M(w)= 27 P,G|/(w)

range centered of;. The magnitude of the direct gap is

given by V. In the Kondo semiconductors, the lower hy- _ E ff ’ 31— I/
bridized bands are completely filled, and the upper hybrid- zy pyN g Gk K w) o (k=K

ized bands are completely unoccupied. Tlobaracter in the
guasiparticle bands has an integrated intensity which is re-
duced by a factor of (n¢). The remainder of the inte-
grated intensity shows up as an incoherent excitation located
at the position of the barklevel E;,*° and can be measured
in photoemission measurements. The many-body effects will
be calculated for the stoichiometric system, and the effects of
the small impurity concentrations on the many-body renordn the CPAT~*3the complex self-energy is determined by
malizations will be neglected. the condition that the configurational averagedhatrix for

We shall denote the various configurations of the impuri-the entire solid vanishes. This leads to the condition that the
ties by the indexy. We shall assume that the impurities are single-siteT matrix also vanishes:
randomly distributed so that the different sites are indepen-
dent. Thus, the probability of a particular configuratiéh,,

[w—e(K)]
[0—3(w)][o—e(k)]—|V[>

(13

P LB —S(w)]

- ious si Ti(w0)=2, S — =0. (14
is the product of the probabilities for the various sites,, j 7 1-[Er;—3(0)]6 ()

py:H Py (100  This condition is simply evaluated as
A lattice sitej has a probability that the site is occupied by a &M ()= — ( ) (15

non< ion which is given by the concentratiqs ,=c, and [Ei—3(w)] [Ei+AE—3(w)]
the probability that the site is occupied by fion is given

by p; 1= (1—c). When a nort impurity ion is located at site  where the, site diagonal,quasiparticle Green’s function is
j, thef level binding energyE; ; at that site is moved above given by
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FIG. 1. Thew dependence of the real and imaginary parts of the FIG. 2. The real and imaginary parts of the lodaGreen’s
function F(w), defined in the text by Eq(17), for fixed . The  function G'f(w), defined by Eq(13), for the undoped systeifit
renormalized parameters are given Wy 0.4 and E;=0.266 66. =0, 3(w)=E{]. The real part is shown by the dotted line and the
The imaginary part oF is marked by the solid line. In general, the imaginary part is marked by a solid line. The values of the param-
imaginary part ofF (w) is zero in the frequency range outside the eters used are the same as in Fig. 1. The imaginary part of the
band width|w|>6t and inside the hybridization gaj¥/?|> w6t. Green’s function is zero inside the hybridization gap, but peaks up
The real part of (w) is marked by the dotted line. It shows a rapid close to the gap edges. The real part offt&een’s function varies

variation near the edges of the hybridization gap. rapidly close to the gap edges.

- V|? S(w)=E;{+AE (20)

&)= [w—2<w>]{l [ |2|<w>] F@)] (19 -

whenc—1. Thus, the CPA is exact in the extreme dilute
and limit.
we 1 In the limit V=0, one finds that the solution fc (w)
1 \ reduces to
Flw)= N % G(E)—m (17

w(Ef-i-CAEf)—Ef(Ef-i-AEf)
w—Ef—(l—C)AEf '

The real and imaginary parts &f(w+i6), for a fixed real S(w)=
value of%, are plotted in Fig. 1. It should be noticed that the
imaginary part ofF vanishes for values ab near2 due to
the presence of the hybridization gap. Also the real part o
the function is approximately linear in this range of In

(21)

hich reproduces the exact configurational averaged atomic
imit Green'’s function

fact, for w~2,, the function has the asymptotic expansion: B 1 (1-c)
GM(w)= = + . (22
(0—3) (w—3) w—3(w) w—Ef o—(E+AE)
Flo)=——=5—|1to—=5—
|V|2 |V|2 For AE;— and finite but small concentrations, one finds

W2 (0—3)2 that there is a region whei®'(w) is approximately linear
el (18 inw—3(w):
24 |\/|4

The coefficient of the third term,W?/24), is the second Re Gff w)~— [3(0)- o], 23)

moment of the nearest-neighbor tight-binding conduction

electron density of states. The above set of equations are to
be solved for the real and imaginary parts Hfw) as a WhereZis a real and large dimensionless coefficient which

function of w. Before presenting the numerical solution, we increases monotonically with decreasing hybridizat{ah
shall examine a number of limits in which analytic results ~ 1/24(W/V)*]. This type of behavior of the local Green’s

can be found. function is already seen in the undoped system, shown in

It is seen that the above equation has the solution Fig. 2. In this region, the CPA self-energy is given by the

~ approximate expression
2((1)) = Ef (19)
= = 2

in the limit of vanishing impurity concentrations—0, or [Eto|_ [[E—w|” W

: S(w)~ + — (24)
equivalently 2 Z
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FIG. 3. Thew variation of the CPA self-energ¥(w). The real o/t

and imaginary parts dfX () ~ B/t are plotted vso/t, wheret is FIG. 4. Thef quasiparticle density of states(w) as a function

the tight-binding hopping matrix element. The self-energy was cal- ; . : . trati The b t
culated with the same renormalized parameters as in Fig. 1. The regf w for various impurity concentrations. The bare parameters

part of the self-energy is shown as a solid line and the imaginar)yve;e chosen to b\ﬁ:%""n ?’;SE;]:;_;Q'ZE' which _(Fgrrespond tot
part by the dotted line. a strong renormalization of the hybridization gap. These parameters

correspond to the same values of the renormalized parameters of
. s S . Fig. 1 andn;=0.962 for zero concentration of impurities. The case
Thus, the density of states within the hybridization gap is

zero. excent within a small region of width corresponding t@=0 is shown in(a). The quasiparticle density of
’ P 9 states for the doped system are shown(h (c), (d), and (e),

respectively, for concentrations for=0.02, c=0.05,¢c=0.07, and
4c - — L . .
WA/ =>|w—Ejl, (25) €=0.10. As the concentration increases, an impurity band develops
z in the hybridization gap, and eventually completely fills the gap.

which is controlled by the square root of the concentration. L , .

This is in agreement with the findings of previous self-_energy is f|n|'Fe and small, in agreement with the ap-
investigation®~*1although different approximation schemes Proximate result given by Eq27). The linear dependence of
were used. In this region there is a nonzémuasiparticle € real part has the effect of reducing the weight of the
density of states originating from the impurity-band insidequasiparticle bands far fro; by an amount proportional to
the hybridization gap. Thequasiparticle impurity band den- ¢. The real part of the self-energy varies rapidly close to the

sity of states has the approximate semielliptical form, band edges which has the effect of removing states from this
energy region. These states reappear as the impurity band,
JZc Z(Ei— o) 2 which is found in an energy range inside the gap where the
pi(w)~ W 1- oW (26)  imaginary part of the self-energy peaks up.

The exact solution for the CPA density of states is shown
Hence, the quasiparticle density of states of the impurityin Figs. 4 and 5 for various values of the impurity concen-
band evaluated at the renormaliZelével energyp(E;), is  tration. In Fig. 4a) the f quasiparticle density of states is
proportional toc*? and has an integrated weight equakto Shown for the pure system, corresponding to the values of
Inside thef quasiparticle band, away from the gap edgeshe bare parametes;= —10.26 andV=1.47. This set of
|w—Ef|>|V|2/W, the CPA equations can be solved for bare parameters corresponds to the renormalized parameter

small concentrations. In this regime, the self-energy is giversetE;=0.26@ andV=0.4 and ann; value of 0.926. The
by density of states shows tHendirec) hybridization gap lo-

cated around; . The asymmetry of thé quasiparticle band
1 = Sy density of states abol; is a consequence of the deviation
E(w)%—[Ef—thICﬂ'|V|2p8(w)], (27 ensity , f : = g X
l1-c of n; from unity and, hence, is a direct manifestation of the
mixed valence character of these materials. This can be seen
by direct comparison of Fig.(d) with Fig. 5@). The latter is
calculated for the bare parameter d$8t=—-5.7& and V
1 =1.22 which corresponds to a mixed-valent value mof,
pg(w)=ﬁ E o(w—€(K)). (28) namely, n;=0.831. Thef quasiparticle density of states
K peaks at energies close to the edges of the hybridization gap.
A typical form of the exact solution foE (w) is shown in ~ Van Hove singularities are seen at energies deeper inside the
Fig. 3. Itis seen that for large frequencies, the real part of thé bands. For small values of the concentraten0.05, the
self-energy depends approximately linearly an with a  impurity band is centered df; and is completely contained
slope ofc/(1—c). In this region, the imaginary part of the within the hybridization gap. However, for concentratians

where pJ(w) is the bare(unhybridized conduction-band
density of states:
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6

. 1 . .
L ne=0.831 V=122t @"](E):WE vl (K)vl(k) (e — e(k))
F —c=0m E;=-5.76 t £
- —-c=0.05 & 2ta ZJocd Jo(2ts)23,(2ts)
3 4r - e=0.10 2\ m ) o 2s cogse),
2 ~—¢=0.20
= =030 (30)
% : whereJy(x) andJ,(x) are Bessel functions. Due to the pres-
= 2 :; ence of the Kronecke#é function, the conductivity tensor is
,,,,, } diagonal and isotropic. The real part of the conductivity can
}g then be written as
J
. . P . » [f(2)—f(z+w
0 RG[O.I,J(w)]ZZeZJ dz(—()
0.45 0.5 0.55 0.6 0.65 0.7 0.75 —o

o/t

ihj
FIG. 5. Thef density of states as a function af for various x f,xdfq) (e)Ag(€.2)Ag(e.2+ ),

impurity concentrationg, in the mixed-valent regime. The values
of the unrenormalized parameters used a&te1.22 and E; (31)
=—5.7a. This parameters set corresponds td ancupation num-  where the conduction electron spectral dengitfe,z) is
ber ofn;=0.831 for the undoped system. The quasiparticle densitygiven by
of states for the pure systern=0, is shown in(a), while the
quasiparticle density of states fo=0.05, c=0.1, c=0.2, andc Aq(€,2)
=0.3, respectively, are shown {b), (c), (d), and(e). i Im 3,(2)V2

a
greater than 0.07, the impurity band spans the entire hybrid- ~ [(z— ¢)[z—Re3(2)]- V22 +[(z— €)Im 3(2)]?
ization gap, although a sharp depression occurs just above (32)
the range of energies corresponding to the gap even when . )
c=0.10. The growth of the impurity band is accompanied by 1 the limitc—0, the self-energy is purely real and equal
a depletion of the density of states from above and below thé&0 E¢. In this limit, the spectral density is equal to the
hybridization gap edges. The gap width shows only a veryveighted sum of twos functions and the ac conductivity
slight increase and the depletion mainly comes from a redudeduces to the previously obtained expressibn:
tion of the heights of the peaks. However, the peak structures 2622
at _the edg_es of thé_ q_ua5|pa_1rt|cle _den5|ty (_)f states remain Re[o(w)]= E DH(E 1 /w2_4vz)
quite prominent until it obtains quite large impurity concen- w2 /w2_4\~/2 -
trations. By contrast, the Van Hove singularities are rapidly
smeared out with increasing impurity concentration.

X|flEf— == \/——V?
2 4
IV. DYNAMIC RESPONSE
The optical-absorption spectrum is given by the real part —f| Es+ Et Vil V2 (33
of the frequency dependent conductivity tengot(w). The

real part of the conductivity is evaluated as for >2V, and zero if &>w>0. The square-root singu-

larity occurs at the threshold energy=2V which corre-
2 sponds to the direct gap. However, for the pure system
. 2e : : » dz . ) . o
R o (0)]= >, Ul(k)vJ(k)J' — Im[GY(k,2)] electron-electron interactions broaden the singularity into an
Na’g - T e - asymmetric peak. Furthermore, the interactions also result in
large g fluctuations which assist the electrons in the photon
absorption transitions. These fluctuation assisted transitions
result in a long tail to the spectra which extends down to a
(29  threshold equal to the indirect gap enetgsP For finite im-
purity concentrations, the impurity scattering is the dominant
_ scattering mechanism and the conductivity has a similar
wherev'(k) is the jth component of the velocity of a con- form to that found by including higher-order electron-
duction electron with Bloch wave-vectér The summation electron interaction processes. However, while the conduc-
over the Bloch wave vectde is transformed into the integral tivity of the pure system falls to zero below the indirect gap,
over the bare conduction-band density of states weightethe conductivity of the doped system is finite and small be-
with the components of the velocitie$(k), low the indirect gap where the conductivity shows a pro-

f(z)—f(z+ w)

XIm[G(k,z+ w)] -
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—-c=0.10 B
- E;=-10.26t 0.04 | ~¢=0.10
3 [ ¢=0.20 _ ~
= ¢=0.30 o ¢=0.20
= ¢=10.30
= L
g = 0.03
NQ 2 L o
N f \ 002 |
g | : 8
N’ 1 N’ —
o 1 : / O T
- | 0.01 \/’/)
I / _
| S
0 . n " ~ i ) 0 L T L L L L L N
0 0.2 0.4 0.6 0.8 1 0 01 02 03 04 05 06 07 08
o/t o/t

FIG. 6. The diagonal component of the frequency-dependent FIG. 7. The diagonal component of the frequency-dependent
conductivity, at zero temperature, in units @f%a vs the dimen-  conductivity for V=2.686 and E;=—20.38, for the concentra-
sionless frequency/t. Forc=0 the conductivity has a square-root tions ¢c=0.05,c=0.10, c=0.20, andc=0.30. This parameter set
singularity at the threshold energy=2V, which corresponds to corresponds to a valence of=0.8614. In addition to the peak at
the direct gap. For finite concentrations of impurities, the singularthe direct gap, the tail has a threshold at the indirect gap, below
ity is broadened into a peak which acquires a long tail that stretche¢hich a small Drude peak due to impurity-band conduction can be
down towards zero frequency. The parameters used are the same@@served.
in Fig. 4, and the frequency-dependent conductivity is show@)in
(b), (c), and (d), respectively, for the concentrations=0.05, ¢ the resistivity aff =0 is due to the energy dependence of the
=0.10,¢=0.20, andc=0.30. scattering rate, which decreases for states away from the cen-

o o ter of the impurity band, as shown in Fig. 2. However, the
nounced minimum. The small but finite value of the conduc-ca|cylated resistivity differs qualitatively from the experi-
tivity at @=0 is due to impurity band conduction. The small mentally determined resistivity at high temperatures where
magnitude of ther =0 Drude peak is caused by the absencemeasurements show that the resistivity is roughly indepen-
of therm_ally activated conductlon_ proce_sses,_wh|ch limits theyent of the impurity concentration. This discrepancy is
conduction processes to states in the impurity band that argysed by the neglect of intrinsic inelastic-scattering pro-
almost localized, that is, the states in the impurity band havgegses which, at high temperatures, should dominate over the
a large scattering rate and have low mean-squared velocitiegjastic impurity scattering rate.

The small magnitude of the mean-square velocity occurs as The dynamic magnetic spin-flip response is given by the
the impurity band states are mainly formed from Ehe flatyonton-pase-approximation-like expression

portions of the hybridized bands of the pure system kgar

These states not only have a low fraction of conduction banc 1000
character, but also hakevalues which are close to the top or I
bottom of the conduction-band and hence, have small mag sio E c=0.10
nitudes ofv (k) = (1/A[ de(k)/dK]. The frequency dependent : —¢=0.07
conductivity is plotted in Fig. 6 for various impurity concen- «_ I —e=005
trations, andT =0. The concentration dependence is similar 600 et
to that found by Okamuraetal. in experiments on
Yb,_,Lu,B;,,%” where the peak was found to broaden and —
move to lower energies with increasing impurity concentra- £
tion. Similar results have been found theoretically by |
Mutou** using the same model as in this work and the dis- 200 |
order was also treated within the CPA However, in Mutou’s
work the many-body effects were treated, Fig. 7, within the o Lo v e —
dynamical mean-field approximation which neglects the ef- 0 0.005 0.01 0.015 0.02
fect of antiferromagnetic correlations. At finite temperatures, KT/t

the spectrum shows a thermally activated Drud€%aihich B

is dominated by the impurity band stafsin accordance FIG. 8. The temperature dependence of the electrical resistivity
with dc transport measurements on (Cd a,)3Bi,Pt (Ref.  ,(T) for various impurity concentrations. For temperatures of the
25) and SmR (Ref. 33 the calculated resistivity shown in order of the indirect gap, the resistivity is thermally activated. How-
Fig. 8 has an exponentially activated regime which goesver, for finite concentrations the resistivity exhibits a maximum at
through a maximum, and then shows a metalliclike temperalow-temperatures and exhibits a minimumiTat 0. The parameters
ture variation at the lowest temperatures. The minimum irused are the same as in Fig. 4.

o
~
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- Xo (4,0) E=-10.26t —c=001
(9,0)=g°u (34 e o iE
1 J(Q)Xo (q ) =147t —c=0.10

] :

c=0.15

wherey, ~(q,) is the reduced noninteracting quasiparticle
susceptibility andl(q) is the exchange interaction. The re-
duced susceptibilityy ~ (g, ) is given by

c¢=0.20

Im [y o(@:Q)] t

Mg (@o)l== S = [ ddf@—f(z+w)]
_ N % ©

X Ag(e(K), DA (e(k+q),2+ w). - ﬂ!
gl F . . . .
0

(35
0.1 0.2 0.3
In this expression thé spectral density¢(e,z) is given by o/t

A(€.2) FIG. 9. The imaginary part of the spin-flip component of the
LA frequency-dependent susceptibility tengdr (Q,w) at the corner
1 (z— e)zlm 3(2) of the Brillouin zone and zero temperature for various impurity
concentrations. The parameters used are the same as in Fig. 4.

T {(z—€)[z—Re3(2)]-V32+[(z—e)Im 3(2)]?
Kondo semiconductors is given by photoemission experi-
(36) ments where the barklevel is found to be about 2-3 eV
The exchange interaction is calculated as the zero frequendiglow the chemical potential. The large valuemfin the
limit: denominator of the Schrieffer-Wolf exchange and could re-
sult in a relatively weak intersite interaction. However, a

VRE dad proper description of the inter-site exchange exchange inter-
J=lmyg N Ek: (E_f> 3£c2_77if(z)G (k,2) action incorporating the Kondo effégis still lacking, and is
00T = an area for further research. As a consequence of the weak
X GYk+q,z+ w), (37)  exchange, the spin exciton is not expected to be fully formed

_ for Ce systems and the main effect of the doping is through
where the contou€ encloses all the poles of the Fermi func- the noninteracting quasi-particle susceptibility. The suscepti-
tion f(2). For the stoichiometric system, this reduces to thebility is largest for wave vectors near the corner of the Bril-

expressiof4 louin zone,Q=(w/a)(1,1,1). This is shown in Fig. 9. The
stoichiometric system shows a threshold corresponding to
1 VRE fr(k+ q)—f (k) excitations over the indirect gap with a large peak just above
V=N ; ( E ) E- (K —E* (k+ the threshold energy. The introduction of impurities reduces
= f (k) (k 9) the overall intensity of the inelastic peak, and produces a

><|B+(k+q)|2|B‘(k)|2, (38) shoulder below the threshpld Whiph ha§ an integratgd inten-
sity that roughly scales with the impurity concentration for
whereB™ (k) andB~ (k) are, respectively, the fractional con- small c. The impurities also produce a quasielastic compo-
duction electron character of the wave function of the statéent to the spectra. The combined effect of the growing
with Bloch wave-vectok in the upper @) and lower () quasielastic component and the widening of the shoulder is
hybridized bands. This exchange interaction is similar to théhat of progressively filling the gap in the spectra, as the
Ruderman-Kittel-Kasuya-Yosida interaction but, since thempurity concentration is increased. The spectra at the zone
system is gapped, all the processes contributing to the magenter is much less intense, as shown in Fig. 10. The zone
netic exchange interaction are virtual processes. The virtudlenter spectrum for the stoichiometric system is dominated
interaction proceeds by the moment on fhien polarizing by a peak at the direct gap, and has a form similar to the
the conduction electrons as a result of the Schrieffer-wolPptical conductivity. Forq=0, the introduction of small
exchange interaction of strengiV|?/E;. The conduction amounts of impurities produces an inelastic contribution
electrons transmit the polarization to a second site where ivhich peaks in the vicinity of the indirect gap. More pre-
interacts with the local moment via the Schrieffer-Wolf in- cisely, the position of the peak correlates with the peak en-
teraction. Due the presence of the conduction electron susrgy of the shoulder in the= Q spectrum. The magnitude of
ceptibility, and as the conduction band is almost half filled,this peak is much larger than the corresponding tail in the
the intersite exchange interaction has a strong antiferromagptical conductivity, since the conduction-band character of
netic character. the states in the vicinity of the gap is suppressed by a factor
Inelastic neutron-scattering experiments on CeNiSef.  of order of |V/t|? and the conduction states which are ad-
47) have been interpreted as showing that the intersite exmixed have velocities close to zero. It is seen that the impu-
change interactions are relatively weak. A possible cause faities reduce the propensity for antiferromagnetic correlations
the relatively weak intersite exchange interaction in the Ceand concomitantly increase the propensity for ferromagnetic
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15 25
E;= -10.26 t [ (a)

V=147t

20 i V=2.686t
E;=-20.383 t —c=0.01
[ —c¢=0.02
15 r —c¢=0.04
—¢=0.05

¢=0.07

10 -

Im [ " y(0:0)] t
Im [ y(0,Q) ]t

0.1 0.15 0.2 0
o/t

FIG. 10. The imaginary of the spin-flip component of the
frequency-dependent susceptibility tenspt ~(0,0) at the zone .l
center and zero temperature for various impurity concentrations. | V=2.686t
The values of the parameters are the same as those given in Fig. « | E;=-20.383 t

correlations. This observation is qualitatively consistent with
the experiments on doped (Legla,);Bi,Pt; where the
magnitude of the wave-vector averaged response decfeases
while theq=0 susceptibility grows by 25—-35% on increas-
ing x from zero tox=0.072 However, even for the largest I
concentrations, the calculations show that the wave-vector ;L

Im [ y(0,Q) ] t

averaged response is still dominated by the antiferromagnetir . //J

response. Similar trends to those shown in Fig. 9 were founc o - : : : . :

in the inelastic neutron-scattering spectra from polycrystal- 0 0.25 0-/5t 0.75 1
|.49 (0]

line (Ce _,La,)3Bi,Pt; measured by Severirgt a
'By contrast in Yb systems, which are ggnerally MOI€ |G, 11. The inelastic neutron-scattering spectra, at the corner of
mlx_ed_ valent than the Ce SYStemS' th? Heevel is expected the Brillouin zone, for various impurity concentrations. (& the
to lie just abqve the chemical potential and, as a result,_thgpectra are shown for a value &Q)=0.7 which is greater than
local magnetic moments are expected to be coupled via @t the critical value needed to separate the spin-exciton spectrum
strong Heisenberg antiferromagnetic exchange interaction. fiom the continuum. The spectrum shows the spin-exciton feature
sufficiently strong magnetic exchange is expected to result ifyithin the indirect gap. The effect of increasing impurity concen-
the formation of a spin exciton which lies within the gap. trations is that of broadening the spin-exciton peak and lowering its
The spin exciton should show a maximum binding energy abinding energy. For large enough impurity concentrations, the spin-
the antiferromagnetic zone boundary, as found in $rhBor  exciton only exists as a virtually bound state. The spectra shown in
values of the exchange interactiditQ) smaller than the (b) are calculated for a value dfQ)=0.4% which is just below
critical value, the peak in the spectral density just above théhe critical value. The continuum spectra are resonantly enhanced
threshold should be enhanced. The theoretical results for thear the indirect gap energy. Introduction of impurities rapidly de-
zone corner susceptibility with finite impurity concentrations crease the enhancement of the peak near the threshold.
are shown in Figs. X8 and 11b) for values ofJ(Q), re-

spectively, above and below the critical value. The values ofeature to collapse into the continuum. However, for systems
the bare parameters avwe=2.68@, E;=—20.3826, which \yhere the interaction is just below the critical value, the

correspond to afioccupation number ai;=0.8614 and the - stojchiometric system should show a peak above threshold
renormalized parameterg=1.0t, and E;=0.5833. The which is enhanced by the magnetic exchange interaction.
spectral density ofj=Q magnetic excitations of the sto- The enhancement of the peak at the threshold is rapidly
ichiometric system should show spin-exciton excitations as &vashed out with increasing impurity concentrations. The rate
sharp Gaussian line within the gap. Since the introduction ofit which the intensity of the peak height is reduced with

impurities produces a shoulder to the gap, the almost singumpurity concentrations is strongly dependent on the magni-
lar peak in the real part of the reduced noninteracting quasitude of the enhancement. Although the height of the reso-
particle susceptibility at the threshold is gradually smearedhance is rapidly decreased by impurities, the magnetic inten-
out with increasing impurity concentration. For systemssity in the gap region is not changed substantially.

where the spin exciton is fully developed, introduction of Recently, high-resolution inelastic neutron-scattering ex-
impurities results in a broadening and decrease in the bindingeriments have been performed on polycrystalline

energy of the spin exciton, eventually causing the in-gaprb;_,Lu,B;, with x=0 andx=0.25 (Ref. 37 andx=0.9.
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—
=)

. tuations. The experimentally determined peak is more asym-
© Yb, Lu, B, @y | metric than the calculated spectra and falls off more rapidly
° YbB, “ near the gap. This has the effect that the present calculations
i exhibit a larger increase in the spectral intensity in the gap
E, =40 meV -’ . : region than seen in the experiments on doped ybBhe
| T=10K * 5 -~ ° i theory implies that the indirect gap of the stoichiometric ma-
20=19° o R A IR terial is slightly smaller than 13 meV, and that a truly bound
05 @W@ spin exciton is not formed. However, the large asymmetry of
= . the experimentally determined peak is consistent with a sub-
5 ] stantial amount of exchange enhancement and the formation
':3.&0“5,’ of a virtually bound spin exciton. Further high-resolution in-
oo%o .t . , elastic neutron-scattering experiments on single crystals ap-
30 pear to be necessary to establish thelependence of the
spectral peak and to definitively answer the question as to
4 ©) whether a spin expiton .e_xists in YbR . .
o= = L0 —c=0.01 S_ubstltutlona_l impurities ha_ve be_en introduced in the
f ’ ¢=0.05 semimetal CeNiSn, the properties which have been observed
W= LATL are qualitatively similar to those described in this paPét.
This might have been anticipated, since the Kondo semi-
metal CeNiSn has been described by a md8ethich is
quite similar to the model used for the Kondo
semiconductor§? On the other hand, the presence of the
J anisotropic hybridization gap might result in significant dif-
ferences with the model considered here, and is a subject that
requires further investigation.

—
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® The properties of Kondo semiconductors can be described

FIG. 12. The magnetic excitation spectra are showfajnfor by the Anderson lattice model, close to half filling. The sys-
Yhy 75U 481, (Open circles and YbB,, (solid circles, measured tem has an indirect gap between the upper and lower hybrid-
at T=10 K. The data are taken from Ref. 54 The form factor de-ized bands. The substitution of ndrimpurities on the sites
pendence of the data was divided out. Tie 0 limit of the scat-  produces an impurity band within the gap. On increasing the
tering function may be compared with the calculated imaginary partoncentration of the substitutional impurities to a few per-
of the local susceptibility, shown itb). cent, the impurity band spans the entire gap. The electrical

resistivity shows an exponential increase, but saturates at
The magnitude of the momentum transfewas sufficiently  low-temperatures to a value which is controlled by the con-
large, such that the spectrum is representative of an averagentration of impurities. In both the model calculation and
over the entire Brillouin zone. Thus, the experimental result®xperimental measurements, the resistivity shows a slight
may be compared with the imaginary part of the local susiocal minimum atT=0. The ac conductivity for the pure
ceptibility. Thex=0 spectra shows a large asymmetric peaksystem is dominated by a peak at the energy of the direct
at 15 meV just above the threshold of magnetic excitationsgap. On doping, the peak in the conductivity broadens and
and two other peaks at 23 and 40 meV. ker0.25, the peak develops a tail which extends down to the indirect gap. The
at threshold has its intensity reduced by a factor of 2, angbeak position is reduced with increasing concentrations, in a
there is only a slight change in the spectral density at thenanner similar to that found in optical measurements on
threshold energysee Fig. 123)]. Experiments on a sample Yb,_,Lu,B;,.?’ At finite concentrations, a small Drude peak
with x=0.9 show that the peaks at 15 and 20 meV are comappears in thefr=0 optical conductivity which represents
pletely suppressed, while the peak at 40 meV retains itthe conduction processes within the almost localized impu-
form. The peaks at 15 and 20 meV were assigned as beirmify band. We have examined the effect of doping on the
coherent in nature, while the peak at 40 meV was assigneghagnetic response functions which, since the model is that
incoherent or single-ion character. The reduction of the in-of an indirect gap semiconductor, behaves markedly different
tensity of the 15 meV peak by a factor ef1.9 for an im-  for different momentum transfers. The main effect of doping
purity concentration of 25% is inconsistent with the localis that of reducing the antiferromagnetic correlations and in-
susceptibility inferred from the single impurity Anderson creasing the ferromagnetic correlations. This trend is consis-
model, as this should scale directly with the number of Ybtent with the observed growth of the static susceptibility with
atoms. However, the experimentally determined reduction isncreased dopinglt was also found that doping reduces the
consistent with the calculated local susceptibility in the ab-gap in the wave-vector averaged spectral density and intro-
sence of a magnetic exchange interaction, shown in Figduces states within the gap, as was seen in inelastic-
12(b), and indicates the nonlocal nature of the magnetic flucscattering experiments on (Cglay);Bi,Pt.*° Recent
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high-resolution inelastic neutron-scattering measurements doal description of intersite interactions incorporating the
Yb;_,LaB;, compound¥ as a function of doping are in- Kondo effect.

consistent with the magnetic fluctuations being of local char-

acter. The results appear to be consistent with either the ex-
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