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Correlated insulating ground state of CgBi,Pt;

S. H. Liu
Department of Physics, University of California, San Diego, La Jolla, California 92093-03219
(Received 22 February 2001; revised manuscript received 11 June 2001; published 18 Octoper 2001

In an earlier paper the author suggested a different ground state §Bi,£& consisting of localized dimers
of d andf electrons. The stability of the state was studied under a restricted condition thdtbidwed is
inherently narrow. In this paper we show that the same ground state can be stabilized whbanbds broad
provided that the combined effects dff hybridization and Coulomb interactions are considered. A narrow,
hybridized conduction band emerges naturally. The calculated inelastic neutron scattering cross section bears
close resemblance to the experimental data.
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[. INTRODUCTION the gap could be seen by neutron magnetic scattering at large
scattering angle§The experiment of Severingt al. made it
The compound C@Bi,Pt; belongs to a class of solids clear that the magnetic gap is identical to the thermodynamic
known as “Kondo insulators*= The following is a sum- gap, and is not an indirect g&g.Thus, the hybridization gap
mary of its basic properties. The temperature dependence @icture and the associated spin fluctuation theory are in con-
the electrical resistivity establishes that the material is arflict with neutron scattering results.
insulator, but the data do not conform to the Kondo behavior, In a series of publications Irkhin and Katsnel$or*
nor does the plot of log versus temperature yield a clear showed that thed-f Coulomb interaction, the so-called
thermal activation behavidr? The Hall mobility is negative, Falicov-Kimball interactior>® can stabilize an energy gap
which indicates electron conduction. The magnetic susceptin the one quasiparticle spectrum of intermediate valence
bility follows a Curie-Weiss law above approximately 150 K. materials such as SmS and YBB They made a number of
It peaks at 80 K, then falls to a low temperature limiting predictions of the physical properties of their model, but de-
value of approximately one-half of the peak value after atailed data were not available for comparison. This line of
sample dependent, low temperature Curie tail is subtractedinquiry was brought up to date by Duat al'” who sug-
The specific heaty is low and sample dependetft. The  gested that the low temperature phase is an excitonic insula-
authors concluded that vanishes for the pure material. Al- tor state withp-wave symmetry. The authors were able to fit
though the full electronic contribution to the specific heatthe temperature dependence of the magnetic susceptibility
curve has not been measured, Kweeial.” have deduced a above 120 K, and to explain the observed correlation be-
semiquantitative result from the thermal expansion data antiveen the susceptibility and the lattice expandidbn the
the Grineisen parameter. Their curve has the shape of aegative side, the theory predicts an indirect gap of 44 K, in
Schottky anomaly peaked at 50 K, and the entropy under thdisagreement with neutron scattering experiments.
curve is roughlyR In 6 per mole. The position of the peak is  The present author suggested in an earlier publication that
consistent with an energy gap in the electronic excitatiorthe semiconducting gap in GRi,Pt is not in the one-
spectrum of approximately 100-160 K. particle spectrum® The argument is based on the results of a
Inelastic neutron scattering on a powdered single crystafloping experiment of Canfieldt alX® It was reported that
sample of CgBi,Pt; has revealed an energy gap in the elec-partial replacement of Ce in GBi,Pt; by La yields an
tronic spectrum at small scattering anglé#\t 2 K the mag-  n-type semiconductor even though La has one fewer electron
netic scattering intensity vanishes for energy transfershan Ce. Also, the impurity leaves the gap practically un-
smaller than 12 meV+£140 K), rises sharply between 12 changed as seen from the position of the specific heat peak.
and 20 meV, then falls off steadily to zero around 65 meVTo explain this unusual behavior the present author proposed
(=780 K). Above 100 K the gap structure gradually disap-that in the ground state thetelectron of Ce forms a bound
pears. The data support an energy gap of approximately 14€iate with thef electron. With nd electron on the site where
K in the low momentum region of the Brillouin zone. The Ce is replaced with La, the correlated pair does not form.
size of the gap is in good agreement with the value estimate@he d electron of La goes into the conduction band to pro-
from anomalous thermal expansion by Kvegial.” vide electron conduction and specific heatThat the gap
The origin of the gap has been attributed by Féslkal! to  remain unaffected reflects the local nature of the correlated
the hybridization gap, i.e. the gap in the band structure of al-f pair. Thermal excitation also breaks up the local dimer
periodic spin fluctuation system in the low temperature costate, sending one electron into the conduction band and an-
herent staté®!! There is an inconsistency in this picture, other into a one-electron local state. Thus the gap is to be
however, because Kwet al. pointed out that the hybridiza- found in the two-particle excitation spectrum. It should be
tion gap is anindirect gap, i.e., the gap between the uppernoted that the compound YRBhas the normal doping be-
band at the zone center and the lower band at the zoravior, namely, the Lu doped material is-type
boundary. The direct gap at the band crossing point is exsemiconductof®?! One must conclude that there is no uni-
pected to be much larger. Accordingly, they predicted thaversal theory for all Kondo insulators.
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In Ref. 18 the dimer ground state was derived under theally local. Ultimately the ground state is coherent, but the
assumption that thd band is inherently narrow. Critics of effects of coherence is beyond the scope of this paper.
this work argued that in a properly formulated theory the
observed narrow conduction band should emerge as a result
of the ground state correlation. The present paper takes a step ) o ) )
in this direction. The theory developed in Sec. Il assumes a | he effective Hamiltonian for the single site one-electron
broadd band and solves for the properties of thé dimer. ~ Problem is
The excitation spectrum is determined by the simultaneous
promotion of _two electrons, one into a on_e-elect_ron local leZ ekct cr +2 eff-T fi
level and one into the conduction band. The inelastic neutron c ko™ko = Joe

A. The one-electron local state

ko
scattering cross section is calculated, and the result bears .
close resemblance to the data. 0B
+— 2 (Vifl,cpe* Ri+Hoe)
N
Il. THEORY
The following Hamiltonian embodies all relevant interac- +Uar ¢l,Cio| 2l fj0—1]. 3
tions in the system#A{=kg=1): o o’

The U andU 44 terms are inoperative. The trial wave func-

— T e T . i
H _Z 'EkckockaJ“% €ifiofio tion for the one-electron local state is
ko
- ! ik-R =af, +> bicie R ()
+— E (V,;fjacgae' i+H.c.) Yio=afj, - kCka® ™ .

\/N lz,jtr

The operator ¢;, satisfies the Schdinger equation

U2 L ff o+ Uge> cficjcl ¢ [H1,4j,]=w1¢j, Where w; is the energy of the one-
j j electron state. In evaluating the commutator we encounter
the following:
+
+Udfz CL.C]'U.(E fjg"fjﬂ',_l)’ (1) 1
jo ' —_—
7 [Hlifju]zeffj(r+_ E VIZCkTreIk'Rj
where N «
1 IR t
Cj(}'=_ Z Ck_;elk-Rj. (2) +Udf2 ng-’cja’fju”
N o'

The first term on the right-hand side of Eq) is the energy The Uy term makes no contribution because theand is
of the conduction band with 9 e,<W, W being the band- empty in the insulating state. Similarly
width. There is one 8 electron for each Ce atom. The sec-

ond term is the energy of the localizélbvels. For simplicity 1, LR

we consider only a Kramers doublet blevels. TheV term [H1,Cie]= eciot TVR fjpe "
represents thd-f hybridization interactionN is the number N

of Ce sites in the sample. The last three terms are various Ugs .
Coulomb interactions. The term involvind;; denotes the + —ng( > fZ,fU,_]_)e—lk |
Coulomb repulsion between twbelectrons with opposite \/N o’

spins on the same site. It is so strong that it preventd the
level from more than singly occupied. Théy, term is the [N the Ugs term we replace thé number operator by the
Coulomb interaction between two electrons in the &ate.  €XPectation value zero. The left-hand side of the Simger
The U4 term represents the attractive Coulomb interactiorfduation simplifies. By equating like terms we obtain
between arf hole and ad electron on the same site. It has .
been invoked by Falicov and coworkers to explain éhie y \&
phase transition of CE:*®and by the present author for the (ef_“)l)a_"z bi—=0 ()
crossover from coherent to incoherent states in heavy fer- K \/ﬁ
mion materials$? and

In this Section we first show that it is possible to stabilize
a one-electron local state in this model. This state is an inte- U
gral part of the excited state spectrum of the system. We will (6— w1)bi— —af z b +a
then use the result to construct a trial wave function for the N o
two-electron local state. The properties of fheectrons are
analyzed for isolated sites because the interactions are bashe find from Eq.(6) that

Vi

—=0. 6
N (6)

184108-2



CORRELATED INSULATING GROUND STATE OF CgBi4Pt; PHYSICAL REVIEW B 64 184108

Udf 1 Vv 1 whereby is in Eq. (9). The operatod;, satisfies the com-
2 by 1 2 ——a— >, , mutation rule
N ¢ & o \/ﬁ K € W
L . . . [dj,.d],,. 1= (1-a?).
whereV is the isotropic part o/ as discussed in Ref. 18.
The equation forw, takes the form Then we can write the operatdzrjg as
V2 k €k~ W1 This result will be used to construct the two-electron local
01T Uy 1 level, which is our proposed ground state of the system.

N 20w
k Skl B. Two-electron localized state

We assume a rectanguldrband with density-of-statéso ~ The two-electron problem is much more difficult to ana-

and extending from O t@V, then carry out the sums to obtain lyze. We must include th&J;; and Uy terms so that the

effective Hamiltonian becomed,=H;+U; where

Vz I W_ wq
n
. Po —wq (7) Uj=UfffJT+fj+fJT_fj_+UddC]jr+Cj+C}._Cj_ . (12)
(I
1— poUgsIn W_"’l The eigenvalue equations have been worked out in Ref. 22.
o df They are difficult to solve in the broad band limit, and we
Thi Lation reduces to will turn to a variational solution using a trial wave function
s €q constructed from the solution of the one-electron problem.
W We write
w=— (8)

elpo(V2l(e—wy) +Ugp) _ 1’

|0 =[p(f dl_+d ) +ydl,dl_Jj0), (13

which can be solved by iteration. It is easy to show that whered;, was defined in Eq(10), |0) is the vacuum state,

<0 andw<e;. and B and y are two variational parameters. The effect of
The wave function coefficients are also solved from Eq.infinit U¢¢ has been built intd®;) by leaving out doubly
(6): occupiedf state. We denote the ground state energywhy
and work out{(® j|H,— wo|®;)=0:
2 aVv 2 1
bi=——# , ®i[Hy— wo| P,
- FYN © & o1 < J| 2 O| J>
where = 2,322 bE(6f+ €~ wo) + 7’22 bEbEr(ﬂﬁ' € — wg)
K Kk’
Udf 1 2
F=1-— . Y
N EIE € Wq Z bkbk, . Udd_2 ) Z ) blZlblZzblZ3blZ4
\/Nkk' N kykoksky
Therefore
2y
aVv 1 _Udf E bkbk’ k" .
bg=—-—+= : ) N2 g
FVN €k . i i
The various terms can be evaluated by using results found in
The normalization condition is the one-electron calculation, chiefly
2 2 1
a’+ > bi=1, > b=~ — (e wy),
K \/— V
which reduces to and
V2 1
a 2=1+ —— >, . bi=1-a’
PN S (e wn)? 25

Thef content of the state ia?, and thed content is 1-aZ. All other sums can be worked out as combinations of these
We may define two. Without elaborating on the detail, we find

(Dj|H—wo|®)=AB*+2BBy+Cy?,

djozz blzckTT! (10)
K where
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A=2(1-a% (201~ wo) +2(€— 1), 7 l
6
B=2a(1—a?)(e—wy), S
QL
=
and 5 4
C=2a%(1-a%) (e~ wy) +(1-a)*(2w1~ wp) CE
4 2 ’§ 2
€s— €Ef— W o
+Udda4 ! —2Udfa2(l—a2) %} . 74 I
Minimization of the energy leads to 0 : ’ : ‘ ‘
0 10 20 30 40 50 60 70
A B+ B y= 0 Energy Transfer (meV)
and FIG. 1. The calculated neutron inelastic scattering cross section
compared with the data taken at 2(Refs. 8 and 8
BB+Cy=0. (14
The eigenvalue equation fas, is given by C. Excitation spectrum
AC_B2=0 The elementary excitations of this system consist of
o breaking up the ground state dimer and moving one member
which is expanded into into the one-electron local levef;, and the other into the
) band. Therefore, we must obtain the spectrum from studying
(201~ 00)“+9(2w;— wo) +h=0, (159  atwo-electron response function. As an example we evaluate
where the dynamical susceptibility, which connects directly to the
inelastic neutron scattering experiment. As shown in Ref. 18,
1+2a? the magnetic moment of a sifds given byM]:,u(f;rJJ+
gz(ff_wl)w“i' —f;r_fj,), whereu is an effective moment which depends
. on the composition of both the ground state and the excited
with state. The neutron scattering cross section is given by
U a4 €Ef— Wq 4 2a2 €f— Wy 2
u= —
“Wi-a)? Vv -V S(0)=mu? 2 (65— ool ] 1 — ]| @o)?
ko
and
X 8w+ wg— w1~ €). (17
, 2a 1
h=(€e—wy) (1—a2)2+ 1_az(6f— w1)U. The matrix element is worked out by using the wave func-
tions in Egs.(11) and(13)
The quadratic equation in Eq15) has two roots, and the
larger one, denoted by,, determines the upper bound for - - zaZPoné’(w—A)
wo=2w1—X. S(w)=2muap o A—a? (18)
F(w 1)

The stability of the dimer state is determined by consid-
ering its excited modes. The lowest set of excitation mOde%hereA— w1~ w, is the energy gap. The result farshows
break up the pair so that one elegtron goes into the Oneélearly that the energy gap is not determined by the one-
electron local state and the other into the band. The two- article spectrum alone
electron state is stable against this excitation provided thaR ]

. _ In Fig. 1 we show a calculated spectrum superimposed on
wo< w3, because the bottom of the band is defined as 0. Thg, o o\ tron data taken at 2%, The theoretical curve was
dimer state can also be excited into uncorreladednd f

lect but th diti tha, < do.<0 put calculated using the following parameterse;=0,V
electrons, but the conditions 1= € and ag pu =0.05V,U44=Uq4;=0.1W, and the band widthWW~1 eV is

these modes at higher energies. Numerical calculation shovsfﬁe overall energy scale chosen to fit the size of the gap.
that the two-electron state is stable for sufficiently strohg Aside fromW and the vertical scale, we have made no spe-
and relatively weaklqq. The insulating energy gap is given qia effort to fit the data, because the theoretical curve is

by A= w;— w,. . . found to be quite insensitive to the model parameters. The
__Finally we normalize the two-electron wave function by o4y does not include the experimental resolution function
Imposing whose effect is to soften the leading edge at the gap as seen

282(1—a2)+ y3(1—a?)2=1, (16) in the data. The gap edge is also softened by the fapt that_in

the coherent state the one-electron level may be dispersive

where the ratigd/ y is solved from Eq(14). Thef content of  due to hybridization with thel band®® There seems to be
this state is B?(1—a?) while thed content is B?(1—a%)  some evidence that the gap is slightly disperéf/a/e will
+29%(1—a??2. investigate this problem in the future.
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We conclude our discussion by reiterating the improve-from first principles. Without repeating the phenomenologi-
ment made in this work over the author’s previous publica-cal analysis, we feel certain that the spectrum in Fig. 1
tion cited as Ref. 18. The main point of the earlier paper washould give equally good account of the bulk properties be-
to show that a two-electron ground state can be stable undeause they are determined largely by the low energy part of
the condition of sufficiently narrow conduction band and suf-the spectrum.
ficiently strongUy4;. The analysis did not allow a determi-
nation of the neutron scattering spectrum. Insteadpostu-
lated a simple triangular spectrum and showed how one can
make a complete phenomenological analysis of the thermo- The author is indebted to Professor P. S. Riseborough, Dr.
dynamic and transport properties by using this informationA. J. Arko, and Professor P. A. Alekseev for helpful commu-
In this paper we have removed the restrictive condition ofnications. He also wishes to thank Professor M. B. Maple
narrow band andlerived the neutron scattering spectrum and Professor L. J. Sham for their hospitality.
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