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Pressure effects on the optical conductivity of Kondo insulators
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The effects of pressure on the optical conductivity of Kondo insulators are studied in the framework of the
slave-boson mean-field theory under the coherent potential approximation. A unified picture is presented for
both the hole-type Kondo insulatdid. Okamuraet al, Phys. Rev. B8, R7496(1998] and the electron-type
Kondo insulatorgB. Bucheret al, Phys. Rev. Lett72, 522(1994)]. The density of states dfelectrons under
the applied pressure and its variation with the concentration of the impurity doping are calculated self-
consistently. The Kondo temperature and the optical conductivity are obtained, in agreement with the experi-
ments qualitatively. The two contrasting pressure-dependent effects for the hole-type Kondo insulators and the
electron-type Kondo insulators are also given as predictions for further observations.
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[. INTRODUCTION press the gaps of Sm-based and Yb-based Kondo insulators
while just the opposite effect for Ce-based Kondo insulators.

In recent years, many works have been focused on a clas the optical behaviors of these two kinds of Kondo insu-
of strongly correlated materials, so-called Kondolators will be different under pressure. Although it is a very
insulatord™* such as C¢Bi,Pt;,*® SmB;,® and YbB,, [Ref.  important and interesting problem, to the best of our knowl-
7] etc. Generally speaking, Kondo insulators, or Kondoedge, very few works have been performed for the pressure
semiconductors are heavy-fermion compounds with insulateffects on the optical conductivity of Kondo insulators both
ing ground states, which contain rare earttf)(4r actinide in theories and in experiments. Theoretically, the central
(5f) elements, and exhibit very narrow energy gafg)(  question of pressure effects on Kondo insulators is how pres-
typically 10-100 K, at low temperature. At higher tempera-sure modifies the many-body effects that determine the de-
ture, especially above a characteristic temperature, Kondeelopment of the gaf’“! The pressure-dependent behavior
temperature Tx), Kondo insulators behave as local-momentmay arise from the cell-volume difference betwéeonfigu-
metallic systems: In various models based on the Andersonrations due to the valence fluctuation character offtloms
lattice Hamiltoniant?>=* these distinguished properties of and their valence variations with pressure. Pressure favors
Kondo insulators are explained as results of the hybridizatiothe f configurations with smaller volume. On this basis, we
of f electrons and conduction electrons €lectrong by  develop a theory of pressure effects on the optical conduc-
strong-correlation effects. tivity of Kondo insulators, using the slave-boson mean-field

In order to get information on the microscopic mechanismapproximation (SBMFA) for the Anderson lattice model
of the gap formation of Kondo insulators, infrared micro- (ALM). Especially, the effect of impurity is considered as
wave measurements are used to address the cruciafell as the volume effect, to establish the theory.
points®~1° The experiments of the infrared reflection and The rest of this paper is organized as follows. In Sec. Il
the optical conductivity on GB8i,Pt,'° SmB; [Refs. 15-17  Wwe formulate the impurity scattering within the mean-field
and YbB,, [Ref. 18 present the picture of low-energy exci- approximation of ALM and introduce the volume variable to
tations and the main feature of the gap formation of Kondadescribe the pressure influence via thealence fluctuation,
insulators. At high temperature, the spectrum is still metallic 0riginating from the hybridization betwedrelectrons ane
showing the temperature-dependent hybridizationgapii- ~ €lectrons. Then the spectral function of single-particle
minished with increasing temperatufe®While at low tem- ~ Green’s function (GF) is obtained using the coherent-
perature, a significant amount of spectral weijhtegrated ~ potential approximatiofCPA) method. In Sec. Ill, the self-
conductivity is strongly depleted from the low-frequency consistent calculations oif electron’s density of states
region. The spectrum is typical of an insulatsemiconduc- (f-DOS) and the optical conductivities are performed nu-
tor) with an energy gap® The extrinsic effects, including merically. We attempt to explain and compare two different
defects and impurities, also become dominant at low{ressure effects on GBi,Pt;, SmB;, and YbB,. Finally,
temperature regioff, and the gap formation would be influ- our results are summarized and discussed in Sec. IV.
enced by them.

The characteristic behaviors of the gap formation and the
optical conductivity of Ce-based Kondo insulator;8gPt;
[Ref. 19 are very similar to those of Yb-based Kondo insu-  The impurity effect of Kondo insulators discussed in this
lator YbB,,.*® Without pressure, these behaviors, shared byaper can be looked as disorder doping on the conduction
the two representative Kondo insulators, are likely to be uniband?? As an appropriate starting point for discussing doped
versal optical features of Kondo insulators. On the otheiKondo insulators, we introduce a random scattering potential
hand, from the pressure-dependent measurements dor the conduction electrons into the nondegenerate Ander-
Ce;Bi Pk, 1% SmB;,° and YbB,,,'! pressure appears to sup- son lattice model with a half-filled conduction baffd> The

II. IMPURITY MODEL AND CPA FORMALISM
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random variable in the lattice sites defined by

1 for €A,

6= 0 for leB, @

whereA(B) is the lattice cell with(without) a scattering po-

tential. Note that the random averag%= & =X, wherex is

the normalized concentration &f (impurity doping atoms.
The Hamiltonian of ALM is given by

H= kE [skcl(rcktr—’_ Eofl(rf k(r] +V|2 (CIT(rfla'—’_ fIT(rChr)

1
+ EUZU flTafIzrfr;fI;' 2
wherec,, (c,) andf,, (f,,) are operators in BlociVan-
nier) representation for the conductigo) electrons and lo-
calizedf electrons, respectively is the band energy of
electrons from the Fermi level arig, the energy off elec-
trons onB sites.V represents the-f mixing parameter,

while U the on-site Coulomb repulsion between two elec-

trons with the opposite spimr gives the spin index.
If we introduce the scattering potentidl for ¢ electrons
into the modef? the Hamiltonian becomes

H:kz [Skclocko’—’— Eoflofka]—’—lz §|WC|T0'C|0'

+VE (clfiot floCio) + 5 UEf otz (3)

In the strong-correlation limitJ — o0, double occupation on
B sites is strictly forbidden. The Colemaf{'sslave-boson
operatorb, is introduced in thec-f mixing term instead of

Coulomb repulsion part in Eq3). So the Anderson lattice
Hamiltonian can be written in the slave-boson formalism as

H= kz [Skclzacka_l— Eoflzrfko’] + |2 §|WC|TO_C|U

+V2 (bf Clo'dl—cla'fla'b )

+2 A Ef fi,tblb—1 (4)
where a constraint due to infinité
E fl fi,+b/bj=1 for leB, (5)

is added with the Lagrange multiplier;. This constraint
prevent the double occupancy fevel on theB sites.
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tion of conduction electrons with the lockélectrons causes
the valence to fluctuate by the following changes in the
f-shell occupation:

71, —m)y=f"(j=0)+h"(j,m) for Smand Yb,
(6)
", +m)=f"(j=0)+e (j,m) forCe. (7)
In terms of Coleman’s slave-boson technidfie,
b[0),=f":j =0, ®)
frloy =[f""1j, = m), 9

where the singlet state éfions for a sitel is represented by
a slave-boson fielt), and the magnetic multiplet staté% *
andf"*1 by a fermion. The fermion is a hole™ for Sm, Yb
and an electroe™ for Ce, respectively. Considering the cell-
volume differenceA Q=0 —Q, between twof configura-
tions, we can write down the total volume operatdt®as

Q=2 0= 20 [b/biQo+(1-b/b)0y],  (10)
where )y and (), are the cell volume for the singlet
fn (blTb|:1) and the multiplet state‘é‘il(bfrb|=0), respec-
tively. Evidently, AQ is either negative for the cells with
hole-typef ions (Sm and YB or positive for the cells with
electron-typd ions (Ce). Since, the more electrons occupy
orbits, the larger the ionic radius is.

In the case of impurity, we can express the total volume
operator of doped Kondo insulators system in terms of ran-
dom variablez, ast

=E| {6Q+(1—&)[b/b Qo+ (1—-b/b)Q, 1},
(11)

where(}, is the cell volume of an impurity siteX( site),
and ), are the cell volumes of 8 site in singletf”(bfrb|
=1) and multipletf”ﬂ(bfrb|=0) states, respectively.

In the SBMFA, the operatdp, and constraint5) are re-
placed by their mean-field values with the ansatz:(b,)
and\ ;=\ for all B sites. Then the mean-field Hamiltonian is

H= kE [gkclacka_l— Effl(rfko] + IZ §|WC|TO.C|U

+rv2 fl ciotel fi)+NA(r2=1), (12
whereE;=Ey+ \ is the renormalizedlevel of B atoms. We
have to solve the disorder slave-boson mean-field Hamil-
tonian (12) for arbitrary concentrations of the impurity by

In order to consider the effects of pressure, let us intromeans of a nonperturbat|ve approach, the CPA. Here we use
duce the total volume operator. In pure Kondo insulators, théhe relatiorx=Ng =&, andN is the number of sites in the
most typical valence-fluctuation ions Ce, Sm, and Yb carsystem.
exist in two valence statés:One is a singletf"(j=0) with The idea of CPA is to replace the disorder scattering po-
zeroj; the others are the magnetic multiplet staf8s?(j, tential by a translational invariant but frequency-dependent
—m) andf""1(j,+m) with nonzeroj. The weak hybridiza- coherent potential of the effective medidfi’.’ The coherent
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potential for ac-f mixing model such as ALM should be See IV
assumed as a>22 matrixXt? S(w,x)= VL (22
Scc Ser whereS;;=0, S;;=S;.=rV and only the matrix elemes;,,
S(w,x)= s. | (13 s unknown. At the same time, the self-consistent CPA equa-
Sfc ff . .
tion (18) can be written as
The effective medium Hamiltonian can be written in the ma-
trix form FooS2e— WFcSect See— XW=0. (23)
_ e tS Sct Ckor Then, the average site GFs are expressed as
H=> (¢! i) o ( +NA(r2—1).
ko Stc Ei+ Skt | fuor —
Feclw)= (24)

N E —e— — — 2’
In Bloch representation, the matrix of the medium GF is s K (0= &K= So)(w—Ef)—(rV)

determined by @—ﬁ)*l in the space of basis vector

(Ceofis) and reads Fcf<w>=ch<w>:Ni;<w oS )Z\a/) E)—(1V)?'
s T €kT “cc B VA
_ 1 [w—E{—Sk Set @9
G(w,k)_B_k( Sfc w_SK_SCC)r (15) 1 ° . S
T8k “cc
. = = . (26
with (@) Ns;(w—.gk—scc)(w—Ef)—(rV)2 (20

Bi= (0= e, =Scc) (@ =B Stp) = SerSye - (16 The parameters of SB, and \, can be determined by the
extreme values of the grand canonical free enthalpy’s varia-
tions (or simply, by Hellmann-Feynman theorgrithe grand
canonical free enthalpy of the disordered Kondo system un-
der pressure is

From Eq.(15), we obtain the average site GF of the effective
medium

Feelw) Fer(w)

Fre(w) Fff<w>>' 17

F( )—iE G( k>—(
N T K=—8"tInZye, 27)

The only remaining thing is to determine the coherentwhere

potentialS(w,k), which can be obtained by solving the self- _

consistent equations of the CPA. In the single-site CPA, the Zye=Tr{exd — B(H+pQ—uNy ]}

potentialS(w,k) has to be determined in such a way, that on _

an average, the scatterihgnatrix for the difference between =Tr{exd = B(Herr— Ny 1} (28)

potentials of the disorder system and the effective mediunp is easy to write down the effective Hamiltonian of the

vanishes on each site. According to Yonez&W#his re- SBMFA,

quirement is equivalent to a self-consistent equation in

single-site CPA + +
Heff:kz [(ek+Sce)CroCho T Effiofio

Xta+(1—X)tg=0, (18 7

t t 2
. . + + + + -
wheret, andtg are the scattering matrices forA and B V(TeoCho Cho ko) I XNspQLANA (= 1)

, ively. +(1=X)Ngp[ Qo+ (1—r .
atoms, respectively (1-=x)Ngp[ Qo+ (1-r?)AQ] (29
tae)=Vae)ll— F(W)VA(B)]ily (19 From the variation with respect o,
with scattering potential oA and B atoms between the ef- oK [ dHg¢s ) +
fective medium and our disordered system 0=—-=\ x| =Ns(r"= 1)+k2 (Feofkol T
T g
W-— SCC rv-— Scf (30)
Va= V—S. -S| 20 we get the equation including parameter
and 1
1_r2:N_ kE <f;:a-fk0'>T
~Sie  IV—Sy °
Ste t =—;J dof(o—u)IMF(w+i0). (31

Substituting Eqs(20) and (21) into Eq. (18), we can find a
analytic solution of the coherent potential And the same procedure to

224402-3



SUN ZHANG

- 5K_<,9Heff

0=%=\"r >T:V% (el o frorr+ (FioCra)T)

+2Ngr[A—(1—x)pAQ],

implies another equation,

(32

\%
[\ = (1=0pAQ]r == 55 3 (S fra) T+ (i Cho)7)

2V (= .
= dof(wo—u)IMFi((w+i0"),

(33

where we have usef;.(w)=F.{(w), andf(w) is the Fermi
distribution function. The chemical potential can be ob-
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No(w)=(1/2D)® (D —|w|), (39
where® (x) is the step function anB the half-width of the
conduction band.

The numerical results diDOS and the Kondo tempera-
ture Tk are shown in Fig. 1 and Fig. 2, respectively. Pressure
enhances Kondo interaction, hybridization gap, dndfor
the electron-type Kondo insulatorsA(2>0) and, on the
contrary, suppresses them for the hole-type Kondo insulators
(AQ<0). On the other hand, it is also clear that an impurity
band emerges within the gap near the edge of the lower
band, and the band is broadened with increasing of the con-
centrationx. It is very different from the case of doping
Kondo holes into Kondo insulatofs,where the impurity
band emerges near the Fermi level. In our case here, the
Kondo temperatur@ is dependent not only on the pressure

tained from the conservation of the total number of the parput also on the impurity concentration. From Fig.T2, in-

ticles

JK
Ntz_ _Z(Z_X)N51

» (34

where we have assumed that there is only one conductio
electron per site for the disordered Kondo system. Equatio

(34) can be rewritten as

2 (= .
(2—%)=— ;ﬁwdwf(w—,u)lm[Fcc(er|0*)

Within SBMFA, the averaged cell volume®is
Q=xQ +(1-X)[ Qo+ (1-r2)AQ], (36)
where

Since the pressure always decreases the averaged cell vol-

ume Q,, for the electron-type Kondo insulators, such as
CeBi,Pt;, AQ>0, pressure will lead to the increasing of

r2. For the hole-type Kondo insulators, such as $naBd
YbB,,, an opposite effect exists sinéde) < 0.

Egs. (23)-(26), (31), (33), and (35 constitute a set of

creases with increasing concentratioff This is another be-
havior apart from Kondo insulators by doping Kondo holes,
where the Kondo temperature is independerk atcording
to the experiment&°

Based on the calculation of the optical conductivity of
ondo insulators, we will give some theoretical explanation
on the experimental data for ¢&i,Pt,'° SmB;, >~ and
YbB,,.8 Although, to the best of our knowledge, there are
no experimental results about the pressure effect on it, we
would like to make some theoretical predictions here.

According to the Kubo formuld! (the real part of the

optical conductivity for an isotropic system is determined by
the current-correlation function

1%
O'r(wyT):Rea'(w!T):_Ima<<Jz|Jz>>wa (40)
where
i7=€2 Vit Cuer (42)

is the component of the current operator along an arbitrary
directionz, and#v,= de |/ dk, the velocity of the conduction
electron with wave vectdk and energy, .>2 The bar in Eq.

(40) means an average over the randomness due to the im-

self-consistent equations, which can be used to determine trﬁjrity doping. Only the contribution of conduction electrons

coherent potentialS..(w,x) and the electronic DOS

of to the current is taken into account. Then after some simple

Kondo insulators with arbitrary impurity concentrations un- derivation, the optical conductivity of our system reXds

der various pressures.

Ill. THEORETICAL ANALYSIS AND DISCUSSION

2 - o
o(w,p,T)= > dvz [ImGgo(k,p,v+i0™)
3mhc ) - k

The f-DOS of Kondo insulators under pressure is defined

by the imaginary part of the effective-medium G (w),

Nf(w,pAQ,X)=— Im Fff(w+i0+), (38)

1
m(1—X)

X 1m Ecc(k,p,w-i- V+i0+)][f(v)_:u(“’+ )] |

(42)

whereF;(w) can be calculated self-consistently from Egs.Whereo, is written aso for simplicity andv, approximated
(23), (26), (31), and(33) by numerical method. In the calcu- DYy the Fermi velocity ¢ due to the isotropic systeffiin the

lations, the unperturbed DOS of conduction electrgéw)
is assumed as

framework of CPA, we have used the effective-medium GF

Gcc(k) to express the disorder GEcy,|Cy,)) o

224402-4



PRESSURE EFFECTS ON THE OPTICA. .

parameters for numerical calculations &&=0.2D?, E,=—1.2D, andW=0.7D.
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FIG. 1. Pressure influences on thBOS of Kondo insulators for impurity concentratiaxs 0.00, 0.01, 0.03, and 0.05, respectively. The
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FIG. 2. Pressure dependence
of the Kondo temperatur&y for
two types of Kondo insulators
with  concentrations x=0.00,
0.01, 0.03, and 0.05, respectively.
The parameter‘dz, Egy, andW are
the same as those in Fig. 1.
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FIG. 3. The optical conductivity of Kondo insulators with im- ~ FIG. 4. The optical conductivity of Kondo insulators with im-
purity concentratiorx=0.01 for (a) different temperatures without purity concentratiorx=0.16 for (a) different temperatures without
pressure andb) different pressures &=0.25T . pressure andb) different pressures &t=0.50T .

The numerical results for the optical conductivity are houah  th ical ductivi indi h
given in Fig. 3. All the results are normalized to the conduc-, ' ough the —optical  conductivity ~ indicates the
tivity o=lim, ,Rec(w) at Kondo temperaturdy , and temperature-dependent features of gap from the analyses

both the pressure effect and the impurity effect p are stated abovv_e, the experimentgl ”?S“"S also show some
considered. It is explicit that there are two peaks for ever);gmpergture-lndepende?g behaviors in qlarge-temperature re-
curve. One is centered at=0 presents the Drude-like peak gion without pressuré:'® After calculating on theo(«w)

of the conductivity at low frequencies due to the thermalTom X=0.01 tox=0.16[Fig. 4@], we find that due to the

activated behavior; The other peak is the IR peak due to thg]creasing doping concc_entration, the IR peaks are broadened
low-energy transitions of conduction electrons within the jm-and smeared out at different temperatures. All the peaks

purity band*® In Fig. 3a), the doping concentration is fixed seem to be gatherg#ig. 4a)]. When pressure is applied, for

_ ; ; ; . the h-type Kondo insulators, the IR peaks also intend to be
as x=0.01 without pressure. With the increasing tempera- ’ )
X wiEhout p b I I ng P thered; but for the-type Kondo insulators, the IR peaks

ture, the Drude-like peak at small frequencies increases a S _ :
reaches the maximum at temperatiize. While, due to the can_be d|st|ngu|sh_ed clearly for. d|ﬁerent pressufes.
decoupling ofc electrons and electrons with increasing. Ab)]. Thesle might imply that thedlmpuréty effe(t:)t could lead
g - ; ' an almost temperature-independent, but pressure-
the hybridization energy gap intends to disappear and th_ ependent gap behavior for Kondo insulators, especially for

system would transit to a metal. The IR peak displays red,[h i Kondo insulat R blv. that i iol
shift to low frequencie$'*® and vanishes af=T, . On the € elype Rondo Insulators. reasonably, that IS responsible
for the anomalous behavior of temperature dependence for

other hand, in Fig. @), x=0.01, and the temperature is fixed | - inciators in experiment&!® and also gives some

at T=0.25Tx. Under applied pressure, thetype Kondo . X .
insulators(such as SmBand YbB,,) are strikingly different suggestions on the pressure-dependent observations in fur-
ther measurements.

from thee-type Kondo insulatorgsuch as CgBiPt). Pres- The optical sum rule provides a formula to calculate the

sure favorsf configuration with smaller volume, and sup- number of charae carrier upon the dap formation
presses the hybridization gap fortype Kondo insulators. 9 P gap '

Then they tend to behave like a metal more easily and the IR

peak displays redshift to lower frequencies under pressure, " 1

while, the opposite effects fatype Kondo insulators lead J o(w,T)dwx —n(T), (43
IR peak to blueshift to higher frequencies under pressure. 0 m*
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almost the same ab=D. The influence by pressure is also
considered fofTy . From Fig. 5,An is negative belowl
andn increases with a rise .8 Due to the conservation of
the total electrons, the depletion of conduction electron
(i.e., —An) should equal the increase of the localized elec-
trons, that is

An|0ca|: _An.

(47)

On the one hand, from the results above, the number of lo-
calizedf electrons decreases with increasihgrhe electron
localization becomes weaker due to the smaller gap at en-
hanced temperatures. At=Ty, An,,c4 disappears, indicat-
ing the system undergoes a transition from a Kondo insulator
to a heavy-fermion metal. On the other hand, to the effect of
pressureAn;,., for the h-type Kondo insulators Q2 <0)

is always less than thetype Kondo ones&£Q>0), it indi-
cates that, at the same temperaturehdype Kondo insula-

tor can transit to a metal more easily thanetype Kondo
insulator under pressure. It is the same as the results of
f-DOS. We suppose that the pressure dependent effect of the
charge carrier may be observed experimentally, as the ex-

FIG. 5. Temperature dependence of the change of free electroferiments of neutron scatterihgnd magnetic susceptibility

An from 0 K to T under various pressuresy is the number of

free electrons aly .

wherem* is the effective mass for free electrons. For Kondo

insulators,c electrons, and electrons are coupling.e., c-f

mixing), the effective mixing strength is dependent on tem-
perature and pressure. If we take these factors into accou

Eq. (43) can be written as

® 1
f o(w,p,T)dwoex—n(p,T)
0 m*

1
=F[no(p,TK)+An(p.T)], (44)

whereng is the number of conduction electronsTat Ty,
andAn the change of free electrons duectd mixing. Then,

An(p,T) ® o
—OCJ' O'(w,p,T)dw—f o(w,p,Tx)dw,
m* 0 0

(45)
where, we have used
no(p, T o
O(p—K)OCj o(w,p,Tk)dw. (46)
m* 0

For impurity concentratiom=0.01, the results are shown

in Fig. 5. In the calculation, the integral is cut @D =1,
because only low-energy excitations near Fermi |&ehre
considered, leading to a reasonable conditioa D, mean-

for the temperature dependence.

IV. CONCLUSIONS

In this paper, the pressure effects on the optical conduc-
tivity are studied by using the single-site CPA in the frame-
work of slave-boson mean-field theory. Thelectron den-

rgi’ty of states {-DOS, Kondo temperaturel, and the

optical conductivity are obtained in our CPA formalism for
both h-type Kondo insulators anettype Kondo insulators. It

is found that impurity band emerges within the gap near the
edge of the lower band, and the hybridization gap intends to
disappear with increasing temperature. The system would
transit to a metal. The IR peak of the optical conductivity
redshifts and vanishes @t=Ty . At a moderate dopingx(
=0.16), the optical conductivity seems to exhibit a
temperature-independent gap behavior. All these can be used
to interpret the experimental results, which imply that the
incoherent scattering of charge carrier within a Kondo impu-
rity system is the crucial factor of the low-energy optical
transport process. On the other hand, pressure suppresses
Kondo interaction and hybridization gap fohaype Kondo
insulator. It tends to transit to a metal more easily than an
e-type Kondo insulator and the IR peak of the optical con-
ductivity redshifts under pressure. Conversely, pressure pro-
motes Kondo interaction and hybridization gap foreatype
Kondo insulator, and the IR peak blueshifts under pressure.
The numbers of the conduction electrons and the local elec-
trons are also discussed, which are in agreement with the
results stated above. Although, there are almost no measure-
ments on the pressure dependence of the optical conductiv-
ity, we have given some results theoretically, which might be

while, o(w,p,T) at different temperatures and pressures are@ealized in experiments before long.
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