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Electronic structure of low-carrier Yb 4As3 and related compounds
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The electronic structure of the heavy-fermion compound Yb4As3 is investigated using energy band calcula-
tions within the so-called local spin density approximation1U approach. We find as a generic feature a very
rigid pinning of the energy of Yb 4f hole states close to the top of the pnictidep band and the Fermi level
pinned to those hole states, providing for a very low-carrier concentration. Calculated Fermi surface and optical
properties compare well with experimental data. We also present electronic structure results for the related
compounds Yb4P3, Yb4Sb3, Yb4Bi3, and Yb4~P0.5As0.5!3.
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I. INTRODUCTION

The rare-earth pnictides Yb4X3 (X5P, As, Sb, Bi! ex-
hibit unusual physical properties.1–8 The high-temperature
phases of these compounds have the cubic anti-Th3P4 struc-

ture with space groupI43̄d. The Yb ions occupy the P site

with Wyckoff positions 12a, 4̄.., x50.069, and theX ions
occupy the Th sites with special Wyckoff positions 16c, .3.,
fixed by symmetry9 @see Fig. 1~a!#. All Yb atoms are aligned
on four families of chains oriented along the four diagon
of the cubic unit cell@see Fig. 1~b!#.10 All four ytterbium
pnictides have anomalously large lattice constantsa
58.56, 8.788, 9.322, and 9.573 Å forX5P, As, Sb, and Bi,
respectively!.1,2 Because the pnictide ion is trivalent, three
the four Yb ions have a filled 4f shell ~valency 21) while
one ion is in a 4f 13 ~valency 31) configuration. When all
Yb sites are equivalent, the hole in the 4f shell is moving
between different Yb ions and the system is a mixed va
metal. Its average Yb valenceZ52.25 is rather close to the
observed one (Zexp52.20), obtained from Mo¨ssbauer
experiments.3

The most interesting material is Yb4As3. At about Ts
5300 K it undergoes a weak first-order phase transition w
a trigonal distortion. This transformation was clearly esta
lished by susceptibility measurements,1 Mössbauer spectra,3

polarized neutron diffraction,11 and elastic constan
measurements.12 At the structural transformation, the cryst
shrinks in a volume-conserving way along one of the fo
Yb-chain directions~^111&, say!. The resulting trigonal unit
cell with the trigonal anglea590.8° has theshort chain
along its main axis. The centered trigonal space group is n
R3c with two inequivalent Yb sites at Wyckoff positions 2a,
3., and two further inequivalent Yb sites at Wyckoff pos
tions 6b, 1, as well as two inequivalent As sites at Wycko
positions 6b, 1. The parameters used in our calculations
specified below in the paragraph before last of Sec. II. T
distortion is accompanied by charge ordering with Yb31 ions
occupying the short chains. So the 4f electronic state of
Yb4As3 changes from a valence fluctuating state in the cu
phase to a charge-ordered state Yb31Yb3

21As3
32 in the trigo-

nal phase, although the charge ordering is not complete3,11
PRB 580163-1829/98/58~15!/9752~11!/$15.00
s

t

h
-

r

w

e
e

ic

The Yb21 ions have a closed 4f shell with no spin magnetic
moment. The Yb31 ions have the 4f 13 configuration with
nominal spin magnetic moment equal to one. Inelastic n
tron scattering experiments on Yb4As3 revealed the existenc
of low-energy excitations that are characteristic of a o
dimensional antiferromagnetic coupling at lo
temperatures.11

Below 100 K, Yb4As3 exhibits heavy-fermion behavior
the resistivity shows aT2 behavior ascribed to electron
electron interactions involving the heavy-quasiparticle ba
the Sommerfeld coefficientg of the electronic specific hea
Cel has a relatively high value of about 200 mJ mol21 K22,
and the extrapolated magnetic susceptibility at 0 K has a
rather large valuex(0).331022 emu/mol ~Ref. 1!. The
Sommerfeld-Wilson ratio is found to be of the order of unit
indicating Fermi-liquid behavior. Below 2 K and for moder-
ate applied magnetic fields (.2 T), the ‘‘high field’’ mag-
netic susceptibility of Yb4As3 drops considerably as com
pared to the low field value.13 There is also a rapid decreas
observed in the specific heat at an applied field of about 14

both observations indicating the destruction of the hea
electron behavior.

The Hall coefficientRH of Yb4As3, extrapolated toT
50, is equal to 731018 cm23 ~see Ref. 1!. It would corre-
spond to a carrier concentration of about 0.001 per form
unit if only one type of carriers was present.

The pressure effects on transport properties of Yb4As3

were investigated by Okunukiet al.14 and by Moriet al.15 A
clear increase of the carrier concentration is observed w
increasing pressure, which leads to a rapid decrease o
resistivity r. The maximum in the temperature dependen
of bothr andRH also decreases with pressure. However,
inverse Hall mobility, i.e., the resistivity divided by the Ha
coefficient, is found to increase with increasing temperat
without any anomaly in the low-temperature phase even
der high pressure. This demonstrates that the mobility is
affected by pressure.

The effect of doping on physical properties of Yb4As3 has
been investigated by means of substitution of As with P16,2

or with Sb.17 According to the temperature dependence
the Hall constant and of the resistivity, the Yb4(PxAs12x)3
9752 © 1998 The American Physical Society
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system becomes semiconducting for higher concentratio
phosphorus. However, the specific heat and magnetic sus
tibility are almost the same as those of pure Yb4As3. Recent
measurements18 have shown that the temperature depe
dences of the magnetic susceptibility and the specific hea
pure Yb4P3 exhibit almost the same behavior as those
Yb4As3 below the charge-ordering temperatureTs , but
aboveTs the susceptibility is about two times larger, indica
ing an increase of the fraction of Yb31 ions in the high-
temperature phase. Theg value is also large, abou
250 mJ mol21 K22, and the behavior of Yb4P3 in an external
magnetic field is very similar to that of Yb4As3.

FIG. 1. ~a! Structure of Yb4X3. Large balls: Yb ions, smal
balls: pnictide ions. In the trigonal charge-ordered phase the b
large balls indicate Yb21 sites and the gray large balls Yb31 sites.
~b! The four families of chains formed by the Yb atoms.
of
ep-

-
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The temperature dependence of the Hall coefficient
the electrical resistivity in the Yb4(As12xSbx)3 system
shows17 that with increasing concentration of Sb the numb
of carriers increases. Fromx50 to x50.12, the heavy fer-
mion behavior is little affected by the increase of the carr
concentration. In Yb4~As0.71Sb0.29!, however, no clear evi-
dence of charge ordering is observed anymore, and in p
Yb4Sb3 there is no evidence of the ordered state, and
properg value of about 40 mJ mol21 K22, corresponding to
the valence fluctuation state, is observed.

It was also revealed that Yb4As3 shows a strong sampl
dependence of the transport properties.19

Summarizing all the experimental data, we can conclu
that there is a strong dependence of the transport prope
of Yb4As3 on doping, pressure and sample preparation,
the specific heat and magnetic susceptibility do not cha
very much. This observation suggests that Yb4As3 is not an
ordinary heavy-fermion system. The latter are usually int
preted within the context of a Kondo lattice model: Th
heavy quasiparticle bands are thought to originate fr
Kondo resonance states at the Fermi level, which evolve
coherent band states below a characteristic tempera
However, this mechanism leads to a similar behavior of
specific heat coefficientg and of the carrier number as func
tions of doping. As explained above, the opposite behavio
observed, which is a strong argument against the Kondo
nario in this class of compounds.

The electronic structure of Yb4As3 has been investigate
experimentally by means of photoemission,20,21x-ray brems-
strahlung isochromat spectroscopy22 ~BIS!, optical
properties,23–26 and cyclotron resonance measurement27

The optical measurements23,24,26show a strong temperatur
dependence of the optical reflectivity in the far infrared e
ergy region below 10 meV. The plasma frequencyvp de-
rived from optical measurements25 is very small. It varies
from 0.08 eV for 10 K to 0.14 eV for 70 K, indicating agai
an extremely small carrier number. Photoelectron spect
copy in the x-ray and ultraviolet ranges~XPS and UPS! pro-
vide information on the energy position of Yb21 and
Yb31 4 f states in charge ordered Yb4As3. Structures in UPS
and XPS spectra with binding energy between 0 and 4
were identified20,21 to be the spin-orbit doublet of the 4f 13

final states and the structures between 6 and 13 eV to be
multiplet structures of the 4f 12 final states. The low-
temperature photoemission also does not show any evid
for Kondo resonance states close to the Fermi level, confi
ing the exclusion of the Kondo scenario for Yb4As3. Cyclo-
tron resonance measurements27 yield a single rather smal
cyclotron mass of 0.72m0 .

Energy band structure calculations for anti-Th3P4 type
rare-earth pnictides were performed first for La4Sb3 and
La4Bi3,

28 and later on for Yb4As3.
29 The calculations of Ref.

29 were done by means of the self-consistent augme
plane wave~APW! method on the basis of the local densi
approximation~LDA ! and for the cubicI43̄d crystal struc-
ture. The calculations were able to reproduce the main
tures of BIS, originating from the Yb 5d states, but failed to
reproduce the correct position of thef band due to the
strongly correlated nature of the 4f electrons in Yb4As3. The
calculations obtain the 4f bands at the Fermi level. From th

ck
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band structure results for the cubic phase it was conjectu
that Yb4As3 should be an insulator in the charge-order
phase. Recently, non-spin-polarized LDA band-structure
culations of Yb4As3 and LuYb3As3 in both the cubic and
trigonal crystal structures were reported.30 The calculations
were carried out using the linearized APW method with s
lar relativistic effects being included for all electrons, and t
spin-orbit interaction was included for valence electrons b
second variational procedure. It was found for a hypothet
LuYb3As3 system that the top of the Asp band and the
bottom of the Lud band cross the Fermi energyeF . The 4f
states are fully occupied due to the 31 valency of the Lu
ion, and are positioned close toeF . The cyclotron mass o
the largest hole Fermi surface was calculated to be 0.7m0 ,
which is in good agreement with cyclotron resonan
measurements.27

Two approaches have been proposed to explain the p
erties of Yb4As3. One is based on a one-electron picture a
was applied by Ochiaiet al.1 in the form of a four-band
model and by Kasuya31 in the form of a two-band model. A
characteristic feature of this approach is a hole band of
4p states and an Yb 4f band with a high density of state
near the Fermi level. The second approach treats the 4f elec-
trons as being strongly correlated.32–34 Charge ordering of
the Yb31 ions and the associated structural phase transi
are a consequence of reducing the sum of the Coulomb
pulsion and exchange to a minimum, and are described
band Jahn-Teller effect of correlated electrons. The obse
heavy-fermion behavior is ascribed to spinlike excitations
the Yb31 chains.

The aim of this paper is to combine the two approac
by studying the electronic structure and the physical prop
ties of Yb4As3 in the trigonal low temperatureR3c phase
within an ab initio band-structure approach that takes stro
correlations into account. This is achieved by applying a
cal spin density approximation~LSDA! to the density-
functional theory supplemented by a HubbardU term
(LSDA1U). We also consider the electronic structure of t
related compounds Yb4X3 (X5P, Sb, Bi, and P0.5As0.5).

The paper is organized as follows. The theoretical
proach and the computational details are explained in Sec
Section III presents the electronic structure of Yb4As3 calcu-
lated in both the LSDA and the LSDA1U approach. The
results are compared to UPS measurements, optical spe
and cyclotron resonance measurements. The energy
structures of Yb4P3, Yb4~P0.5As0.5!3, Yb4Sb3, and Yb4Bi3
are presented, as well as the dependence of the energy
structure of Yb4As3 on the lattice spacing. The charge orde
ing is studied by total energy calculations. Finally, the resu
are summarized in Sec. IV.

II. COMPUTATIONAL APPROACH

The application of plain LSDA calculations tof -electron
systems is often inappropriate, because of the correlated
ture of the f shell. To account better for the on-si
f -electron correlations, we have adopted as a suitable m
the LSDA1U approach. There are attempts in the literatu
to base this approach on heuristic arguments, observin
certain similarity to self-interaction corrections~SIC! to the
LSDA ~Ref. 35! and a certain link to the self-energy of th
ed
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single-particle Green’s function.36

SIC ~Ref. 37! adds an orbital-dependent potential corre
tion term to the Kohn-Sham equation, which results in
downshift of Kohn-Sham orbital energies of localized orb
als. For localized 4f orbitals this shift is of the order of 10
eV. The 4f orbitals themselves are slightly squeezed by t
potential correction, but mainly the ground-state density c
culation is brought into accord with Janak’s theorem.38 Re-
call that Janak’s theorem states that]E/]nm5em equals the
Kohn-Sham orbital energy, if the energy functionalE is ex-
pressed through the true Kohn-Sham orbitalsfm and orbital
occupation numbersnm via the density expressionn
5(nmufmu2. This entails the occupation rule that in th
ground state orbitals are occupied in the order of ascend
Kohn-Sham energies.39 It does not entail that the Kohn-
Sham energies describe the quasiparticle excitation s
trum.

The self-energyS5G0
212G21 of the single-particle

Green’s functionG is energy dependent and yields the co
relation corrections to the single-particle~mean-field! ap-
proximation to the quasiparticle excitation spectrum d
scribed byG0 . With a number of plausible assumptions, t
LSDA1U approach has been related to the so-calledGW
approximation toS in Ref. 36. Already the simplest random
phase approximation applied toS for the Hubbard model
yields a jump ofS~e! at the Fermi leveleF by the Hubbard
U. The more elaborate analysis of Ref. 36 results in a c
relation correction to the mean-field approximation of t
self-energy, which isUeff/2 downward below the Fermi leve
andUeff/2 upward above the Fermi level. As the mean-fie
theory in a crystal describes always a delocalized situa
and the LSDA Kohn-Sham potential is a well-proved a
proximation to the self-energy of weakly correlate
electrons,40 the suggestion is

S~r,r8;e!'d~r2r8!vLSDA~r!

1Pm

Ueff

2
@u~e2eF!2u~eF2e!#Pm , ~1!

wherePm is the projector onto a strongly correlatedm state.
The LSDA1U approach simply uses Eq.~1! to replace

the LSDA Kohn-Sham potential in the self-consistency loo
This can be considered as a rough approximation to both
and S. Since the potential shift is taken to be constant
space, it does not deform the Kohn-Sham orbitalfm as the
r-dependent SIC potential of Ref. 37 does. However, it sh
the levels of strongly correlated electrons away from
Fermi level and thus removes incorrect hybridization w
conduction states, which would spoil the calculated grou
state spin density. On the other hand, being also unders
as an approximation toS, it hopefully yields for the Kohn-
Sham band structure the same quality of a working appro
mation to the quasiparticle excitation spectrum as it doe
the case of weakly correlated metals. Estimates forUeff may
be obtained from constrained density-functional calculatio
or from GW calculations in which case the approach
parameter-free. Most reliable are those results that do
very sensitively depend on the actual value ofUeff within a
certain reasonable range.
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The LSDA1U method has proved to be an efficient a
reliable tool for calculating the electronic structure of sy
tems where the Coulomb interaction is strong enough
cause localization of the electrons. It works not only f
nearly corelike 4f orbitals of rare-earth ions, but also fo
such systems as transition-metal oxides, where 3d orbitals
hybridize quite strongly with oxygen 2p orbitals ~for a re-
view see Ref. 36!. The LSDA1U approach was recentl
applied to the heavy-fermion compound YbPtBi,41 and also
to explain the nature of the maximal possible polar K
rotation of 90° in CeSb~see Ref. 42!.

In the present work, self-consistent energy band-struc
calculations of Yb4As3 were performed by means of th
spin-polarized fully relativistic linear muffin-tin orbital~SPR
LMTO! method in spherical potential approximation wi
combined corrections included,43–45for both cubicI43̄d and
trigonalR3c crystal structures. The LSDA part of the calc
lations was based on the spin-density functional with the
Barth–Hedin parametrization46 of the exchange-correlatio
potential. Core-charge densities were recalculated at e
iteration of the self-consistency loop. In the case of theR3c
structure we neglect the incompleteness of the charge or
ing and assume antiferromagnetic~AF! order of the Yb31

ions in the chains along the trigonal axis~^111&-chains of the
high-temperature cubicI43̄d reference structure!. We also
neglect the small trigonal distortion for simplicity and dete
mined all positions in such a way that there is no ion d
placement at all in the cubic to trigonal transformatio
Instead the Ybf charges are redistributed by fixing whic
Yb site is 31 and which is 21, both cases treated differ
ently with respect to the HubbardU ~see the next section!.
We checked that this neglect of ion displacements ma
very little differences in our results. It should be mention
that if we neglect the trigonal distortion, the LSDA~without
U) band-structure calculations should give exactly the sa
results as for the cubic structure. That the effect of distort
on the LSDA band structure is negligible was recently a
numerically confirmed by Harima.30

Thek-integrated functions, the charge density, the den
of states~DOS!, and thel -projected DOS were calculated b
the improved tetrahedron method47 on a grid of 252 and 924
k points in the irreducible part of the Brillouin zone~BZ! of
the cubic and the trigonal systems, respectively~Fig. 2!. The
Fermi surface, the angular dependence of the extremal cr
sectional areas, and cyclotron masses were also calculate
a tetrahedron method48 using a grid of 3781k points in the
irreducible part of the BZ.

III. RESULTS AND DISCUSSION

A. Energy band structure of Yb4As3

The LSDA total DOS of Yb4As3 is shown in Fig. 3. These
results agree well with previous band-structure calculati
by Takegahara and Kaneta29 and by Harima.30 The occupied
part of the valence band can be subdivided into three reg
separated by energy gaps. The bands in the lowest re
have mostly Ass character with some amount of Ybs char-
acter mixed in. The next group of bands is formed by Asp
states with little admixture of Ybp and d states. The large
narrow peak close to the Fermi energy is formed by Ybf
-
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states. Unoccupied 5d bands of Yb are separated from the 4f
states by an energy gap, a characteristic and important
ture of the ytterbium pnictides. The position of the LSDA 4f
states close to the Fermi energy is, on the other ha
in contradiction to the findings of XPS and UP
experiments.20,21

In our SPR LMTO LSDA1U band-structure calculation
we start from the 4f 14 configuration for three Yb21 ions,
where all 14 on-site 4f energies are shifted downwards b
Ueff

(21)/2, and from the 4f 13 configuration for one Yb31 ion
with 13 on-site 4f energies shifted downwards byUeff

(31)/2
and one level shifted upwards by this amount. From to
energy calculations we found that the Yb31 ground state cor-
responds to the projection of the orbital momentum onto
spin direction equal toml513 in accordance with all three
Hund’s rules. The energies of occupied and unoccup
Yb31 f bands are separated by approximatelyUeff

(31) . We
emphasize, however, that the 4f states are not treated a
completely localized. They may hybridize, and together w
all other states their energy positions relax to se
consistency.

Usually the Hubbard-likeUeff is estimated by comparing
the theoretically calculated energy positions off bands with
XPS and UPS measurements. In our particular case we h
two types of Yb ions with different occupation numbers

FIG. 2. Brillouin zone with symmetry points and axes of th
trigonal R3c symmetry group.

FIG. 3. LSDA total DOS of Yb4As3 in states per cell and eV.
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their 4f shell. Obviously, the effective repulsion of 4f elec-
tronsUeff depends on the number of holes in the 4f shell or
the ionicity of the Yb ion,49 and it should increase with in
creasing ionicity. From photoemission measurementsUeff is
found to be in the range of 5–7 eV for different Y
compounds.49 It can also be calculated from atomic Dira
Hartree-Fock~DHF! calculations,49 from Green’s-function
impurity calculations,50 and from band-structure calculation
in supercell approximation.51 The DHF calculation gives
Ueff'5.3 eV and our calculations ofUeff in supercell ap-
proximation giveUeff58.4 eV. The calculated value ofUeff
strongly depends on theoretical approximations and we
fer to treat the value ofUeff as a parameter and try to speci
it from comparison of the calculated physical properties
Yb4As3 with experiments.

The LSDA1U energy bands of AF Yb4As3 for Ueff
(21)

55.3 eV andUeff
(31)58.8 eV are shown in Fig. 4. For thre

divalent Yb ions the 4f bands are fully occupied and hybrid
ize with As p states in the energy range between20.5 and
22.5 eV. They are split due to spin-orbit coupling byDeso
51.40 eV. For the trivalent Yb ion, thirteen 4f electron
bands per ion are well below the Fermi level and separa
from a 4f hole state by the correlation energyUeff

(31) . One 4f
hole band per Yb31 ion, doubly degenerate due to AF orde
ing, appears closely below the top of the Asp band. Since
the As p band is separated from the Yb 5d band by an
ordinary band gap, the Fermi level must be pinned at
bottom of the 4f hole band. This feature in combination wit
the small mass of the Asp electrons close to the top of thep
band appears to be a clue feature for the physics of the
terbium pnictides.52 Due to the very small phase space f
hybridization and the very small Yb 4f -As p orbital overlap,
the DOS peak of the hole band is as narrow as 0.007 eV r
above the Fermi level. It is now clear why the usual Kon
lattice scenario is inappropriate for these pnictide co
pounds. For a Kondo resonance to develop both the occu
and empty 4f states must be sufficiently far away from th
Fermi level. Quite opposite to this situation, the~almost!
empty level is pinned slightly above the Fermi energy. B
due to the very small phase space for hybridization aro
the G point one still has an almost stable moment of t
nearly integer occupation of thef shell.

The total DOS of the occupied part of the Yb4As3 band
structure is compared with UPS measurements21 in Fig. 5.
The calculated DOS has been broadened to account for
time effects and for the experimental resolution. The Asp
states practically do not contribute to XPS and UPS beca

FIG. 4. Self-consistent LSDA1U energy band structure an
total DOS per unit cell and eV of Yb4As3. (Ueff

(21)55.3 eV, Ueff
(31)

58.8 eV.)
e-

f

d

e

t-

ht

-
ed

t
d

e-

se

of the low ionization cross section compared with that of t
Yb 4f states.53 Hence, the measurements only indicate thf
excitation energies of trivalent and divalent Yb, relative
the Fermi level. The double-peak structure at 0.5 to 2.5
binding energy reflects the spin-orbit doublet of the 4f 13 fi-
nal states on Yb21 sites. The humps towards higher bindin
energies from both peaks are usually interpreted as sur
states.20,21 The structures between 6 and 13 eV binding e
ergy should be assigned to the multiplet structure of the 4f 12

final states on Yb31 sites. The LSDA1U DOS cannot, of
course, fully account for this multiplet splitting. From th
comparison we can only conclude thatUeff

(21) should be be-
tween 5 and 6 eV, and thatUeff

(31) should be between 7 and 1
eV. More specific conclusions on the value ofUeff

(31) will be
drawn below from other independent experiments, nam
the Hall coefficient, and optical and cyclotron resonan
measurements. Before we address these, we focus aga
the main issue of our analysis, which is rather little depe
dent on the precise value ofUeff

(31) .
Since the 4f binding energy of the Yb21 ions is larger

than 0.5 eV and hence larger than the Yb 4f -As p orbital
hybridization energy both in experiment and in our calc
lated band structure, the 4f shell of the Yb21 ions has been
treated as a core shell in the following detailed numeri
analysis. It has been checked that this simplification does
affect the issue. Therefore, we are left with a charge bala
between Yb 4f states of the Yb31 ions and pnictidep states
only. Any charge transfer between these states caus
change in the Hartree potential that is governed by thebare
Coulomb integral Uf of the 4f state being as large as 30 eV
Thus, an artificial shift via tuningUeff

(31) of the holef level by
3 eV, say,~corresponding to a change ofUeff

(31) itself by 6
eV!, will completely be compensated by a charge transfe
small as 0.1 electron charge. For this reason the 4f hole
level, to which the Fermi level is pinned, is itself very rigid
pinned close to the top of the pnictidep band.

In Fig. 6 the band structure in the vicinity of the Ferm
level is shown forUeff

(31)59.6 eV. It corresponds to a groun
state with a hole pocket around theG point (k50) holding
0.0058 As p holes per formula unit. For chosen value

FIG. 5. Comparison between the calculated DOS as in Fig
and the experimental UPS spectra from Ref. 21. The calcula
DOS has been broadened according to experimental resolution
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Ueff
(31)55.3, 7.0, 9.6, and 9.8 eV the obtained hole numb

are 0.0717, 0.0225, 0.0058, and 0.0005, respectively. O
for Ueff

(31)>10 eV the Asp band would be filled and the
Fermi level would lie in a gap between this band and thf
hole state. Thisgeneric feature is obtained independent
whether the filledf shell of the Yb21 ions is treated as cor
or as valence, whether AF of ferromagnetic order is assum
on the Yb31 chains, or whether spin-orbit coupling is take
into account or not, all the involved energies being sm
compared to the unscreenedU f . Figure 7 shows the obtaine
partial DOS close to the Fermi level for a number of cas

The carrier density in Yb4As3 at low temperature is ex
tremely low, for which the following findings give evidence
~1! a large value of the resistivity up to 10 mV,1 ~2! a very
low plasma frequency obtained from optical reflectivity25

and ~3! a large value of the Hall coefficient,1 which corre-
sponds to about 0.001 holes per Yb31 ion, assuming the
single carrier model. Yb4As3 is a compensated semimetal,
the number of Asp holes exactly equals the number of e
cess Yb 4f electrons in the partially filled 4f hole level.
However, the mobility of heavy 4f electrons is assumed t
be negligible in comparison with the mobility of Asp
electrons.1 So the transport properties of Yb4As3 are mostly
determined by the number of Asp holes.

In our analysis, a carrier number of 0.001 per formula u
would result from aUeff

(31) value between 9.6 and 9.8 e
which would not be in contradiction to photoemission. W
would like to emphasize that we do not claim to explain t
carrier number 0.001, but we claim to give an explanat
why the carrier number issmall.

The small mass at the top of the pnictidep band results in
a very lowp DOS of 0.015 states per eV, atom and spin,
the f hole level forUeff

(31)59.6 eV. That means that there a
very few p-band states to broaden thef level by hybridiza-
tion. The width of the hole state equals to about 0.007 eV~80
K! and decreases with increasingUeff

(31) . The total DOS at the
Fermi level, resulting essentially from the 4f hole states,
yields for Ueff

(31)59.6 eV a large band structure contributio
to the Sommerfeld constant ofg5p2kB

2NAN(eF)/3
540 mJ mol21 K22. The calculatedg is substantial, yet it
corresponds only to the experimental value in a sufficien
strong magnetic field that suppresses magnetic mom
fluctuations.4 Since Yb4P3, although a semiconductor, has a

FIG. 6. Self-consistent LSDA1U energy band structure o
Yb4As3 along the high-symmetry directions and for energies cl
to the Fermi level.~Here, Ueff

(31)59.6 eV, and thef shell of the
Yb21 ions is treated as a core shell.!
s
ly

ed

ll

.

it

n

t

y
nt

even larger value of the Sommerfeld constant than Yb4As3, a
large part ofg must be due to fluctuations of the magne
moments in charge-ordered̂111& chains. Beyond LSDA
1U, further many-body interactions need to be invoked
account for the full Sommerfeld constant of the spec
heat.32,54

B. Optical spectra of Yb4As3

While XPS and UPS cover a large excitation energy
gion, optical measurements~optical reflectivity! probe the
electronic structure essentially at a few eV around the Fe
level. The linear response of a system to an external elec
magnetic field is determined by the complex dielectric fun
tion «.

We have calculated the dielectric function consideri
only electronic excitations. We used the random-phase
proximation and neglected local-field and finite lifetim

e

FIG. 7. Yb 4f partial DOS and As 4p partial DOS of Yb4As3 on
an expanded energy scale around the Fermi level~dashed vertical
line! for various values ofUeff

(31) . The left ordinate scale is for thef
DOS and the right one for thep DOS.
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effects.55 The interband contribution to the imaginary part
the dielectric function is given by

«2~v!5
4p2e2

m2v2 (
n

unocc

(
n8

occ E
BZ

uPnn8~k!u2

3d~en
k2en8

k
2\v!

d3k

~2p!3
, ~2!

where Pnn8(k) is the projection of the momentum matr
elementsPnn8(k), anden

k are the electron band energies~one
band per spin!. The expressions for calculation of the optic
transition matrix element in Dirac representation with
LMTO formalism have been derived in Ref. 56.

After having evaluated Eq.~2! in a wide energy range
from 0 to 40 eV, we have calculated the interband contri
tion to the real part of the dielectric function«1(v) using the
Kramers-Kronig relation. Finally, we have added the int
band contribution to obtain the total complex dielectric fun
tion. We neglect this contribution to«2(v), assuming a per-
fect crystal and neglecting lattice vibrations. The intraba
contribution to «1(v) is given by «1(v) intra512vp

2/v2,
where the squared plasma frequency is given by

vp
25

1

2 S e

p\ D 2

(
n
E

BZ
d3k@]en

k/]k#2d~en
k2eF!. ~3!

We also calculated the reflectivity R(v) using
Eqs. ~2! and ~3! and the following relation: R(v)
5u(A«21)/(A«11)u2. The calculated values of the plasm
frequencies arevp51.21 and 0.26 eV forUeff

(31)55.3 and 9.6
eV, respectively~averaged values over polarization dire
tions!. The experimental value ofvp varies from 0.08 eV at
10 K to 0.14 eV at 70 K.25

In Fig. 8 we compare the calculated complex dielect
function «~v! and the reflectivityR(v) for Ueff

(31)57.0 and
9.6 eV with experiment.23 As can be seen, theory and expe
ment agree fairly well for Ueff

(31)59.6 eV. For Ueff
(31)

57.0 eV there is an additional Asp band crossing the Ferm
level near theG point. Ueff

(31)59.6 eV yields a very smal
carrier concentration, hence a small value of the plasma
quency and low intensity of interband transitions to unoc
pied As p states is in good agreement with the Hall coe
cient and optical measurements.

We mention that with increasing photon energy beyo
the range presented in Fig. 8, the measured optical refle
ity decreases rapidly from a value of 0.2 at 0.3 eV to 0.05
8 eV.23 The calculated reflectivity, however, has a rather
behavior at a value of about 0.3 up to 12 eV. To clarify th
disagreement between theory and experiment, ellipsom
measurements of the optical properties of Yb4As3 are highly
desired.

C. Fermi surface of Yb4As3

Figure 6 shows the LSDA1U energy band structure o
Yb4As3 for Ueff

(31)59.6 eV near the Fermi level. Because
the absence of inversion symmetry in the crystal structu
the spin degeneracy of the bands is lifted, when spin-o
interaction is taken into account. Therefore, each band h
only one electron state per AF unit cell. As is, however, se
l
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from Fig. 6, this spin splitting is completely negligible clos
to the Fermi level, and two pairs of almost degenerate ene
bands cross the Fermi energy: a pair of Asp bands close to
their top and the pair of nearly dispersionlessf bands. The
corresponding two small sheets of the Fermi surface ar
hole pocket of Asp states centered at theG point and an
electron ellipsoid of Ybf states centered on the symmet
line G-P ~Fig. 9!.

FIG. 8. Comparison between the experimental~Ref. 23! ~dots!
and calculated optical reflectivityR, the real part«1(v) and the
imaginary part«2(v) of the dielectric function of Yb4As3 calcu-
lated with two different values ofUeff

(31) : 7.0 eV ~dashed line! and
9.6 eV ~solid line!.

FIG. 9. Cross sections of the calculated Fermi surface
Yb4As3.
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Both the hole and electron sheets of the Fermi surface
almost spherical. We have calculated the orientational
pendence of the extremal cross sections and the cyclo
masses for several selected field directions. We found
the cyclotron masses for the hole sheet of Asp states are in
the range of 0.6 to 0.8m0 , in rather good agreement wit
cyclotron resonance measurements (mexp50.72m0), al-
though the calculated band mass should be renormalized
the electron-phonon interaction. The cyclotron masses
the 4f band are obtained from the calculation as large
36.1 to 38.8m0 . It seems not to be easy to detect a Fer
surface with such a large cyclotron mass experimentally.
Haas–van Alphen measurements of the Fermi surface
Yb4As3 are highly desirable to check whether the 4f electron
sheet with this large effective mass exists.

D. Energy band structures of Yb4P3, Yb4Sb3, Yb4Bi3,
and Yb4„P0.5As0.5…3

Figure 10 shows the energy band structure and total d

FIG. 10. Self-consistent LSDA1U (Ueff
(31)59.6 eV) energy

band structure of Yb4Bi3, Yb4Sb3 ~hypotheticalR3c symmetry!,
Yb4~P0.5As0.5!3, and Yb4P3.
re
e-
on
at

for
or
s
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sity of states near the Fermi level for Yb4P3, Yb4Sb3, and
Yb4Bi3 calculated in the trigonalR3c AF crystal structure in
the LSDA1U approximation with Ueff

(31)59.6 eV. We
should mention that only Yb4P3 and Yb4As3 reveal the
charge ordering cubic-to-trigonal structural transformatio
The other two compounds remain in the cubic struct
down to the lowest temperatures with the Yb31 ions being
randomly distributed among the four chains. Such a vale
fluctuating system is presently outside the scope of our
vestigation.

The main trend in the electronic structure of the seque
of Yb4X3 compounds (X5P, As, Sb, or Bi! results from the
characteristic trend in the pnictidep wave functions and
from the systematic change of the lattice parameters.
counteraction of screening by inner atomic shells and of re
tivistic effects leads to the characteristic trend in the posit
of the atomicp state and hence of the center of gravity of t
pnictidep band, first increasing from P to As and then mon
tonically decreasing to Bi. Thep-band width is monotoni-
cally increasing from P to Bi due to the increasing extens
of the atomic wave function, although the lattice consta
increases too~see Table I!. Therefore, if one moves from
Yb4Bi3 to Yb4P3 through the series, the unoccupied 4f level
moves from below towards the top of the pnictidep band
and beyond, implying a reduction of metalicity and finally
transition to semiconducting behavior, which is experime
tally found in Yb4(As12xPx)3 for x>0.4 ~Ref. 2!. Figure 10
shows the energy band structure of the series, including a
Yb4~As0.5P0.5!3. In this compound, treated as ordered, tw
AF ordered Yb31 ions are no longer chemically equivale
and the system becomes ferrimagnetic. This leads to a s
ting of the 4f hole bands. These bands are already w
above the top of the valence band, in agreement with
experimental data.2

Experimentally, Yb4Sb3 and Yb4Bi3 show the typical va-
lence fluctuating behavior.1 Their energy band structures ca
culated for hypothetical trigonalR3c symmetry differ sig-
nificantly from that of Yb4As3. With the increasing pnictide
p-band widths, already in Yb4Sb3 the indirect gap between
the top of the Sb 5p valence band and the bottom of the Y
5d conduction band is closed~Fig. 10!. In Yb4Bi3 the direct
gap has also disappeared due to further broadening of th
6p conduction band. However, there is still no overlap b
tween the partly filled narrow Yb 4f band and the Yb 5d
conduction band in both compounds.

In order to separate the influence of the lattice const
from the influence of the ionic potential of the pnictide com
ponent on the electronic structure of Yb4X3 (X5P, As, Sb,
and Bi!, we present in Fig. 11 the electronic structure

TABLE I. The centers of gravityEc relative to the Fermi energy
and widths~in eV! of pnictogennp bandsDEnp in Yb4X3 com-
pounds.

Compound Ec DEnp

Yb4P3 22.01 4.00
Yb4As3 21.79 4.20
Yb4Sb3 22.18 4.45
Yb4Bi3 22.28 4.65
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Yb4As3 calculated for lattice constants corresponding
those of Yb4Bi3, Yb4Sb3, and Yb4P3. The electronic struc-
ture of Yb4As3 with lattice parameters equal to those of t
Yb4Sb3 and Yb4Bi3 compounds differs significantly from
that of the real antimonide and bismuthide, respectively
the energy-band structure of Yb4As3 with lattice constants of
Yb4Bi3 there is still an energy gap between the top of thep
valence band and the bottom of the Yb 5d conduction band.
We can conclude that in the cases of the Yb4Sb3 and Yb4Bi3
compounds the type of pnictide ion potential plays an ess
tial role due to its influence on the relative position and wid
of the p bands. We should mention that the real syste
Yb4Sb3 and Yb4Bi3 are very complicated due to charge a
moment fluctuations. More sophisticated methods are nee
to investigate their electronic structure.

E. Charge ordering

Yb 4f electrons can hop from Yb site to Yb site only v
pnictide sites since the directf - f overlap is completely neg
ligible. As long as there are enough pnictidep states avail-
able in the energy range of hybridization with the Yb 4f
states, the hopping probability for the Yb 4f electron may
suffice so that the 4f occupation number can fluctuate
each Yb site. This is the case in the cubicI43̄d phases of

FIG. 11. Self-consistent LSDA1U (Ueff
(31)59.6 eV) energy

band structure of Yb4As3, but with the lattice constants o
Yb4Bi3, Yb4Sb3, and Yb4P3.
n

n-

s

ed

Yb4Sb3 and Yb4Bi3. If this hopping is practically prohibited
by a nearly vanishing pnictidep DOS as in Yb4As3 and
Yb4P3, a charge separation into Yb31Yb3

21X3
32 follows.

There are two competing rather simple structures into wh
this charge separation may order: a cubic P213 structure with
a sequence

—Yb31—Yb21—Yb21—Yb21—Yb31—Yb21— ~4!

in each of the four families of chains~the Yb sites in this
hypotheticalP213 phase would have four inequivalent Wy
ckoff positions 4a,.3., with x1 . . . x4 along the chains. We
again took thex values unshifted from the referenceI43̄d
structure.!, and the trigonalR3c phase explained in the In
troduction and in Sec. II. In both cases the self-consistent
charge difference between the Yb21 and the Yb31 ions is 0.2
electron charges, and it is natural to compute the differe
in the Madelung energies of both structures. Independen
treating the pnictide ions as point charges or as homogen
background, the Madelung energy of the cubic structure w
chains~4! is 6 mRyd/~formula unit! lower than that of the
trigonal structure. That the spatial distribution of the pnicti
charges does not influence the considered Madelung en
differenceis easily understood since all Yb sites are exac
symmetry equivalent with respect to the pnictide sublatt
in the I43̄d reference structure. Hence, they see exactly
same Madelung potential from the pnictide sublattice in
pendently of how large it is. In order to go beyond Madelu
energies, LSDA total energy calculations for Yb4As3 were
performed with 14 and 13 Yb 4f electrons, respectively, pu
in the core. The numerical accuracy of the total energies
carefully checked to be better than 0.1 mRyd/~formula unit!.
These calculations yield a trigonal ground state with an
ergy by 2 mRyd/~formula unit! lower than that of the cubic
phase. The total energy difference between ferromagn
and antiferromagnetic order in the chain of the trigonal str
ture, which provides for an estimate of the interatomic ma
netic coupling, is much smaller and amounts to 0.1 mR
~formula unit!.

It is interesting to trace back which effect reverses
phase stability in favor of the trigonal phase against
Madelung contribution. By analyzing the self-consiste
charges one finds a slight deviation of the charge of
middle of the three consecutive Yb21 ions compared to the
two others in the chain~4! of the cubic structure. Each Yb
site of the structure of Fig. 1 has a first neighboring shell
six pnictide ions and a second neighboring shell of three
ions, each on one chain of the three other chain families s
from a chosen chain. Two adjacent Yb sites on the sa
chain are third neighbors of each other. Hence, in the tri
nal structure where all Yb31 ions are on one and the sam
chain family, an Yb21 ion sees one Yb31 ion and two Yb21

ions in the second neighboring shell. All Yb21 ions are sym-
metry equivalent. In the cubic structure of chains~4! on the
other hand, the middle Yb21 ion has three Yb31 ions as
second neighbors while the two others have only Yb21 ions
as second neighbors. There is a slight charge disproport
ation between this middle Yb21 ion and the other two Yb21

ions due to their different second neighbor shells. This d
proportionation costs 8 mRyd/~formula unit! to be added to
the Madelung energy difference. The charge difference
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tween the two symmetry inequivalent types of Yb21 ions
amounts to 0.05 electron charges.

IV. SUMMARY AND CONCLUSIONS

Using the LSDA1U approach to band-structure calcul
tions with a U value adjusted to experiment but close
theoretical estimates, we have found a band gap betwee
As p band and the Yb 5d band in Yb4As3. As a conse-
quence, a very narrow marginally occupied Yb31 4 f hole
band is pinned close to the top of the Asp valence band via
the charge balance between Yb and As, which is gover
by the large (;30 eV) bare Coulomb integral of the Yb 4f
state. The same charge balance pins the Fermi level clo
the bottom of this 4f hole band that has a width of 0.007 e
~80 K!. It leads to an extremely low carrier density
Yb4As3. The Fermi surface of Yb4As3 consists of two almos
spherical sheets: a hole pocket of Asp states with a rela-
tively small effective mass, centered at theG point of the BZ,
and an electron ellipsoid of Yb 4f states with a relatively
heavy mass, centered on the symmetry lineG-P.

The systematic trends in the position and width of t
pnictidep band when going through the pnictogen group
the periodic table leads to a transition to semiconduct
behavior towards the light pnictogen end with a char
transfer gap between the pnictidep band and the Yb 4f state,
and to an increasing carrier number and hence increa
metalicity with valence fluctuating Yb ions towards th
heavy pnictogen end. Already in Yb4~As0.5P0.5!3 semicon-
ducting behavior is found. In Yb4Sb3 and in Yb4Bi3 the band
gap between the pnictidep valence band and the Yb 5d
conduction band is closed.

For Yb4As3, the LSDA1U band-structure calculation
provide a two-band model of the electronic structure:~1! a
wide, nearly fully occupied As 4p valence band and~2! a
very narrow, marginally occupied Yb 4f band, very weakly
hybridized with the As 4p band in a smallk space region
near theG point of the BZ~Fig. 6!.

Pressure, doping etc. may slightly change the relative
sition of these two bands and hence strongly affected
low-carrier density and the transport properties. But thef
shell of the Yb31 ions is little influenced as long as th
charge order is maintained.

In our LSDA1U band-structure calculations we treat
the Yb4X3 compounds as ideal systems with perfect cha
and AF order. The real situation is much more complicat
Yb4As3 shows no magnetic ordering down to a very lo
temperature of 0.2 K.3 However, experimental evidence fo
existence of short range AF correlations was found.11 An
external magnetic field strongly affects the magnetic exc
tions suppressing the heavy-fermion properties of Yb4As3.

4

Going from Yb4As3 to Yb4P3, the number of Yb31 ions in-
creases, the degree of charge and AF ordering
increases,18 and despite the decrease of the number of f
carriers (Yb4P3 is a semiconductor! the heavy-fermion prop-
erties are more pronounced, which is reflected in the incre
ing value of the Sommerfeld constantg from about
200 mJ mol21 K22 in Yb4As3 to 250 mJ mol21 K22 in
Yb4P3. Going to heavier pnictogen ions, metalicity increas
and the tendency to moment and charge order is lost, a t
cal mixed valence behavior is found instead.
the
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The largeg value of the semimetal Yb4As3 cannot be
incorporated into Landau’s Fermi-liquid theory for the fo
lowing reason. In Landau’s theory it is essential that t
linear specific heat coefficientg is related to the density o
states at the Fermi level that depends on the quasipar
masses. This relation does not hold here as seen by real
that a largeg value is found even in the absence of a
Fermi surface like in Yb4(As12xPx)3 for x>0.4. This is not
surprising as the hugeg value can be assigned to spin exc
tations in the Heisenberg chains and is therefore unrelate
the quasiparticle excitations near the Fermi surface. It
pends on the characteristic energy for the fluctuations
magnetic moments in the charge ordered^111& f 13 chains
that are given by the superexchange off 13 moments along
chains via pnictide orbitals. Note that only the effective m
ments of the lowest crystal-field doublets are relevant he
We speculate that, if the complete Fermi surface and
effective masses of Yb4As3 could be measured, one woul
find that they do not explain the specific heat in contradict
with Landau’s Fermi-liquid theory. Therefore, this conce
requires a generalization. One of the strong points of La
au’s theory is that it is a phenomenological approach, wh
does not require a microscopic model for a given materia
is within that spirit that a generalization is suggested by p
tulating in addition to the charged fermions~electrons or
holes! a liquid of neutral fermions with a density of state
N* (0). This density of states is fitted to theg value of the
specific heat. The underlying physical picture is, of cour
that the magnonlike spin excitations in the chains, althou
of bosonic character, can be transformed into charge neu
fermionic excitations giving rise to the largeg value. But, as
pointed out above, we are dealing with a phenomenolog
theory, and therefore no microscopic justification of the p
tulate is required. A liquid of neutral fermions for the d
scription of a metallic system was suggested before by
ganet al.57 in connection with Kondo lattices. In the prese
case, the neutral fermions do not contribute to electric tra
port, but, e.g., to the thermal conductivity. They contribu
also to the compressibility and to the spin susceptibility. T
observedr(T)5AT2 behavior at low temperature1 with A
50.75mV cm/K2 has to be interpreted as resulting from t
scattering of the charged quasiparticles off the neutral fer
ons. A more detailed analysis of these features is left fo
future investigation.
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