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Electronic structure and optical spectra of LuInCu4 and YbMCu4 „MÄCu, Ag, Au, Pd, and In…
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Optical reflectivity measurements over a wide spectral range and at different temperatures together with
self-consistent electronic band structure calculations have been used to investigate the electronic structure of
the LuInCu4 and YbMCu4 (M5Cu,Ag,Au,Pd,In) compounds. The electronic structure of the compounds is
investigated theoretically using an energy-band approach in combination with the linear-response formalism.
The energy-band structure is obtained within the local-spin-density approximation~LSDA! and within its
extension that explicitly takes into account the on-site 4f Coulomb interactionU (LSDA1U). A remarkable
agreement between theory and experiment has been found.
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I. INTRODUCTION

The YbMCu4 (M5Cu, Ag, Au, Pd, and In! compounds
crystallize in the cubic AuBe5-type (C15b) structure and
preserve the Yb ion in its trivalent state with total angu
momentumJ57/2.1,2 These systems have been investiga
extensively because of their rich variety of phenomena
low temperature. In particular, YbAgCu4 is known to show a
typical dense Kondo behavior,2,3 in which localized moments
of Yb31 (4 f 13) at high temperatures are gradually screen
through the hybridization with the conduction electrons,
sulting in the enhanced Pauli paramagnetic state down
very low temperatures. A moderately large electronic s
cific heat coefficient has also been reported asg
5245 mJ/mol K2.4 Recently prepared by a high-pressu
technique the YbCu5 phase withC15b structure also shows
Kondo-lattice formation5 with an even larger electronic spe
cific heat coefficientg5550 mJ/mol K2. Furthermore, the
temperature dependence of magnetic susceptibility2 and
magnetic part of specific heat3 in these systems are well de
scribed by the Bethe-ansatz solution of the Coqlin-Schrie
model.6 No magnetic ordering was found in both compoun
down to 2.0 K.5,7 On the other hand, the Kondo effect is n
dominant in YbAuCu4 and YbPdCu4, and long range mag
netic ordering is observed at 0.6 and 0.8 K, respectively2,8

Finally, YbInCu4 has attracted much attention recently b
cause it is the only known stoichiometric compound th
undergoes a first-order isostructural valence transition at
bient pressure.1,9–11 At high temperature Yb appears to b
essentially trivalent, displaying Curie-Weiss susceptibil
with a paramagnetic moment near free ion value of 4.5mB .
At the first-order valence transition~occurring at a tempera
ture Tv in the range from about 40 to 80 K, depending se
sitively on the particular composition of each sample.12 For
our sampleTv542 K) the Yb valence is reduced to approx
mately 2.8~as estimated by x-ray-absorption and lattice co
stant measurements9,13!, with a consequent increase in lattic
volume of 0.5% and a reduction in magnetic susceptibi
PRB 620163-1829/2000/62~3!/1742~11!/$15.00
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and spin-disorder scattering.10 High-resolution neutron
powder-diffraction studies confirm that the first-order tran
tion is an isostructural one, with YbInCu4 retaining itsC15b
structure at all temperatures.14,15 Such an ‘‘isomorphic’’ va-
lence transition is fundamentally similar to thea→g transi-
tion in cerium,16 which raises the question whether both tra
sitions have a common origin.

Optical spectroscopy has been proved as a powerful
in the study of intermediate-valence and heavy-ferm
compounds17–20 because it supplies direct information abo
the energy states~both occupied and unoccupied! in a wide
energy interval around the Fermi energy and can provid
means of discrimination between the different theoreti
limits. The optical properties of the YbMCu4 (M5Ag, Au,
Pd, and In! were investigated in Refs. 21–23. In the case
YbInCu4 relevant differences in the optical spectrum we
observed between 0.1 and 2 eV, above and below the t
sition temperature.21

The energy-band structure for YbInCu4 together with
LuInCu4 has been presented first in Ref. 24 using the s
consistent augmented plane wave~APW! method with the
local-spin-density approximation~LSDA!. In LuInCu4, the
calculations show that this compound is a compensa
semimetal with small carrier density. LSDA produces f
YbInCu4 the energy-band structure with fully occupied 4f
bands located in the vicinity of the Fermi level. In oth
words, the LSDA gives a divalent state for the Yb ion
contradiction to the experimental data, according to which
high temperature Yb appears to be essentially trivalent
after the phase transition atTv542 K the Yb valence is
reduced to approximately 2.8.9,13 The calculations of the
electronic structure of YbMCu4(M5Ag,Au, Pd) in Refs. 23
and 25 in the LSDA using the full-potential linearized APW
~FP LAPW! method also produce the band structure withf
states situated below the Fermi level at;0.5 eV. Direct
measurements of the electronic structure of YbMCu4 (M
5Ag, Au, Pd! compounds using x-ray photoemission~XPS!
1742 ©2000 The American Physical Society
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and bremsstrahlung isochromat spectroscopies~BIS! sug-
gested that the valence of Yb in this compounds is close
31 with occupied 4f states situated between212 to 25 eV
and an unoccupied hole state just above and close to
Fermi level.26 The application of LSDA calculations to th
YbXCu4 is inappropriate, because of the correlated nature
4 f electrons in these compounds. The LSDA gave the wr
energy position for 4f energy bands and predicted a divale
ground state for the Yb ion in these compounds in contras
the experimental data.

The aim of this paper is to present a detailed experime
and theoretical study of the electronic structure and opt
properties of YbMCu4 (M5Cu, Ag, Au, Pd, and In! com-
pounds. The energy-band structure of the compounds ca
lated within theab initio approach takes strong correlatio
into account. This is achieved by applying a local-sp
density approximation to the density-functional theo
supplemented by a HubbardU term (LSDA1U).27 We also
presented the electronic structure and optical spectra
LuInCu4 as a reference compound.

The paper is organized as follows. The computational
tails are presented in Sec. II. Section III presents the opt
measurements of the compounds. Section IV is devote
the electronic structure of the compounds calculated in
LSDA and LSDA1U approximations. Theoretical resul
are compared to previous band-structure calculations and
experimental measurements. Finally, the results are sum
rized in Sec. V.

II. THEORETICAL FRAMEWORK

The application of standard LSDA methods tof-shell sys-
tems meets with problems in most cases, because of the
related nature of thef electrons. To account better for th
on-sitef-electron correlations, we have adopted as a suita
model Hamiltonian that of the LSDA1U approach.27 The
main idea is the same as in the Anderson impurity mode28

the separate treatment of localizedf electrons for which the
Coulombf -f interaction is taken into account by a Hubbar
type term in the Hamiltonian12 U( iÞ jninj (ni are f-orbital
occupancies!, and delocalizeds,p,d electrons for which the
local density approximation for the Coulomb interaction
regarded as sufficient. The detailed description of
LSDA1U method can be found elsewhere;27,29,30 here we
only mention that the orbital energies« i are determined in
the LSDA1U method as derivatives of total energy fun
tional E with respect to orbital occupationsni :

« i5
]E

]ni
5ELSDA1~U2J!~ 1

2 2ni !5ELSDA1Ue f f~
1
2 2ni !,

~1!

where U is the screened Coulomb parameter, andJ is the
exchange parameter. This simple formula shifts the LS
orbital energy by2Ue f f/2 for occupiedf orbitals (ni51)
and by1Ue f f/2 for unoccupiedf orbitals (ni50).

The advantage of the LSDA1U method is the ability to
treat simultaneously delocalized conduction band electr
and localized 4f electrons in the same computation
scheme. With regard to these electronic structure calc
tions, we mention that the present approach is still essent
to
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a single particle description, even though intra-atomic 4f -
Coulomb correlations are explicitly taken into account. T
LSDA1U method has proven to be a very efficient and
liable tool in calculating the electronic structure of syste
containing localized orbitals where the Coulomb interact
is much larger than the bandwidth. It works not only for 4f
orbitals of rare-earth ions, but also for such systems as t
sition metal oxides, where localized 3d orbitals hybridize
quite strongly with oxygen 2p orbitals ~see review article
Ref. 29!, it was also successfully applied to heavy-fermi
compounds YbPtBi~Ref. 31! and Yb4As3 ~Ref. 32!.

RMCu4 (R5Yb, Lu; M5Cu, Ag, Au, Pd, In) com-
pounds are isostructural to MgSnCu4, which has a face-
centerd cubic~fcc! lattice with six atoms per unit cell. The
space group isF4̄3m ~No. 216! with R at the 4c positions,
M at the 4a positions, and Cu at the 16e positions. The
experimental lattice constants are equal to 6.975, 7.08
7.0519, 7.0396, and 7.123 Å for Cu, Ag, Au, Pd, and
respectively.33

The electronic structure of the compounds was calcula
self-consistently using the local-spin-density approxim
tion34 and the fully relativistic spin-polarized LMTO
method35–37 in the atomic-sphere approximation, includin
the combined correction~ASA1CC!.35,38Core-charge densi
ties were recalculated at every iteration of the se
consistency loop. The spin polarization has been include
the variational step.39 The combined correction terms hav
been included also in calculation of the optical mat
elements.40 The basis consisted of the Ybs, p, d, f, andg; Cu
s, p, d, andf; Ms, p, andd LMTO’s. The energy expansion
parametersEnRl were chosen at the centers of gravity of t
occupied parts of the partial densities of states both
charge density calculations and for MO calculations. T
k-space integrations were performed with the improved
rahedron method41 and charge self-consistently was obtain
with 589 irreduciblek points.

We have adopted the LSDA1U method27 as a different
level of approximation to treat the electron-electron corre
tion. Note thatUe f f is simply a parameter and set to 6.0 e
for all the compounds~according to experiment, as describe
below!.

In our optical calculations we calculated the dielect
function considering only electronic excitations. We used
random-phase approximation and neglected local-field
finite lifetime effects.42 The interband contribution to the
imaginary part of the dielectric function is given by

«2
nn~v!5

8p2e2

m2v2 (
nÞn8

unocc

(
n8

occ E
BZ

uPnn8
n

~k!u2d

3~En
k2En8

k
2\v!

d3k

~2p!3
~2!

where Pnn8

n
(k) is the projection of the momentum matri

elementsPnn8(k) along then direction of the electric fieldE.
En

k are the one-electron energies. The relativistic express
of the optical transition matrix element in Dirac represen
tion was derived in Ref. 40.
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After having evaluated Eq.~2!, we calculate the interban
contribution to the real part of the dielectric function«1(v)
from the Kramers-Kronig~KK ! relation:

«1~v!511
2

p
PE «2~v8!v8dv8

v82 2v2
, ~3!

where P stands for the principal value. Finally, we add
intraband contribution to obtain the total complex dielect
function. We neglect this contribution to«2(v) according to
the perfect crystal approximation~the defects and lattice os
cillations are absent!. The intraband contribution to«1(v) is
given by

«1
nn~v! intra512

~vp
nn!2

v2
, ~4!

where the squared plasma frequency is given by

FIG. 1. Optical conductivity of the four Yb compounds an
LuCu4In measured at different temperatures.

FIG. 2. LSDA self-consistent fully relativistic, spin-polarize
energy band structure and total DOS@in states/~unit cell eV!# of
LuInCu4.
e

~vp
nn!25S e

p\ D 2

(
n
E

BZ
d3k@]En

k/]kn#2d~En
k2Ef !. ~5!

We also calculated the optical conductivity and the refl
tivity R(v) using Eqs.~2!–~5! and the following relations:

s~v!5
v

4p
«2~v!, ~6!

and

R~v!5UA«̃21

A«̃11
U2

~7!

where the complex dielectric function«̃5«11«2.
We first calculate directly the imaginary part of dielectr

function~2! in a wide energy range from 0 to 40 eV. The re
part of the dielectric function and the other optical functio
were then calculated using the formulas presented abov

III. EXPERIMENTAL MEASUREMENTS

The samples were prepared from stoichiometric amou
of elements using high-frequency melting under a protec
argon atmosphere. Subsequently, a heat treatment aT
5750 °C 1 week long, in argon atmosphere, was appli
The phase purity of the samples was checked using x
diffraction measurements which were also used to determ
the lattice parameters. A shining optically cleaned surface
about 0.5 cm2 was obtained on each sample by mechani
polishing with diamond powders.

Due to the tendency to oxidation of the surfaces, fres
polished surfaces were prepared just before the sample m
surements and checks of the oxide effects on the optical m
surements were performed by repeating the experiment.
surface effects seem to affect the results below 3 eV;
larger energies a decrease of the absolute reflectance
occur due to roughness.

Usual grating photospectrometers and spectroscopic e
sometry were used to measure the optical reflectivity of
samples from the near infrared up to the ultraviolet~6 eV!.
Below 0.6 eV a Fourier spectrometer allowed us to exte
the measured spectral range down to far infrared~;2 meV!.
Measurements were performed at room temperature and
K in the far infrared; at room temperature and at 10 K in t
other spectral ranges. In the case of YbInCu4 a further mea-
surement was performed at about 50 K, just above the
lence transition of this sample.

Spectroscopic ellipsometry at ambient temperature w
also applied over the range 1.4–5 eV. Since ellipsometry
in general, very sensitive to oxide layers and not sensitive
small roughness, the comparison of reflectance and ellip
metric results allows a monitoring of the surface conditio

Kramers-Krönig analysis of the data has been perform
in order to obtain the real and imaginary parts of the diel
tric function ẽ5e11 i e2. Below 2 meV an extrapolation
based on the Drude model was assumed in order to con
our results with the measured values of the dc conducti
sdc .43–45 Beyond 6 eV we use a conventional extrapolati
with a term decreasing asvs, where the exponents has been
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FIG. 3. LSDA totalN(E) @in states/~unit cell
eV!# and partial DOS@in states/~atom eV!# of
LuInCu4.
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adjusted to fit the values of the dielectric function indepe
dently obtained by spectroscopic ellipsometry over the ra
1.4–5 eV.

The optical conductivitys(v)5(v/4p)e2(v) for the in-
vestigated compounds is plotted in Fig. 1. The low- a
high-energy parts of the spectra are indicated by a brea
the energy scale.

At low energies, between 1 and 500 meV, all panels
Fig. 1 display a minimum at the extreme left of the ener
scale followed by a peak, or a shoulder, at about 3–4 m
Similar features were revealed also in the spectra of the
erence compound YInCu4.46 They have to be ascribed to a
optical phonon~the peak! and to the semimetallic characte
of this series of compounds. In fact, due to the low carr
density and to the character of the electronic states at
Fermi level, originated essentially fromd states of Yb/Lu
and s,p states of the metallic ions, the electron-phonon
teraction causes a strong frequency-dependent scatt
which produces the conductivity minimum observed in t
spectra. Such a feature has, therefore, nothing to do wi
direct renormalization of the states related to thef -d hybrid-
ization of the incompletef shell of ytterbium, as instead ob
served in other heavy-fermion or Kondo systems.17

The spectral behavior at energies above 10 meV exh
a common trend although different details, in the energy
in the intensity of the optical structures, can be distinguish
among the various materials in the low- and hig
temperature regimes. Thus the broad peak or shoulder
tending roughly up to 0.1 eV is followed, at increasing e
ergies, by a decrease of the optical conductivity in
compounds. This decrease corresponds to the high-en
limit for the free carrier contribution to the optical condu
tivity.

A striking exception to this behavior is the 10 K spectru
of YbAgCu4 @Fig. 1~c!# between 10 and 200 meV. Actually
YbAgCu4 at the lowest temperatures exhibits Kondo-latt
behavior and a strong renormalization of the electronic st
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near the Fermi energy is expected. As a matter of fact,
cording to Refs. 22 and 23, a renormalized plasma freque
vp* 5Aeovp54e2kF

3/3pm* '0.35 eV, corresponding to a
effective massm* '44me and a Kondo temperatureTK

FIG. 4. Comparison between the experimental~dots! and calcu-
lated optical reflectivityR(v), real part«1(v) and imaginary part
«2(v) of the dielectric function of LuInCu4 calculated within
LSDA ~solid line!.
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'90 K, can be evaluated from the optical spectrum.22 Such
a value of TK is not far from that estimated by othe
techniques.45,47

Moving to the high-energy part of the spectra in Fig.
one can observe a series of structures corresponding to i
band transitions. A shoulder at about 0.4 eV is observed
Au and Ag compounds at room temperature, which is abs
in the spectrum of the Pd compound. A further structu
appears in the Ag spectrum at 0.9 eV.

A series of smooth optical structures centred at 2 and
eV occur in YbAgCu4. Analogous structures are found
YbAuCu4 and YbPdCu4 at 2.5, 3, 4.2, and 5.2 eV with
higher intensity in the former compound, and at 2.5 eV a
as a smooth single structure, with lower intensity, betwee
and 6 eV in the latter compound.

The spectra of Lu- and Yb-based ternary compounds o
deserve separate comments. In fact, Lu- and Yb-based m
rials at room temperature exhibit almost exactly the sa
features except a broader and smoother intraband cont
tion in YbInCu4 ~due to the additional magnetic scatterin
similar to YbAgCu4). In both YbInCu4 and LuInCu4 at high
T, a conductivity minimum at 0.3 eV is followed, at increa

FIG. 5. LSDA total DOS of YbInCu4 in states/~unit cell eV!.
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ing energy, by an intense, probably double but not resol
structure centered at 1 eV@see Fig. 1~a!#. A shoulder at
;2 eV and a second smooth peak at about 3.1 eV can
be observed.

By decreasing the temperature below 40 K, an abr
change occurs in the optical response of YbInCu4 between
0.1 and 2 eV@see Fig. 1~b!#. The minimum present at 0.3 eV
in Fig. 1~a! disappears and the optical conductivity assum
larger values up to about 0.5 eV, where a structure occur
net decrease of the peak intensity at 1 eV on the low-ene
side is compensated by an increase above 1.1 eV, so tha
1 eV peak in Fig. 1~a! moves to.1.3 eV in the 10 K spec-
trum in Fig. 1~b!. Such a behavior is consistent with th
change observed in the Yb valence,9 which can change the
carrier density and therefore the Fermi level.

IV. ELECTRONIC STRUCTURE AND INTERBAND
TRANSITIONS

The LSDA fully relativistic spin-polarized energy ban
structure and total and partial density of states~DOS! of
LuInCu4, are shown in Figs. 2 and 3. These results ag

FIG. 6. LSDA1U self-consistent fully relativistic, spin-
polarized energy band structure and total DOS@in states/~unit cell
eV!# of YbInCu4 (Ue f f56 eV).
FIG. 7. LSDA1U total N(E) @in states/~unit
cell eV!# and partial DOS@in states/~atom eV!# of
YbInCu4.
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well with previous band-structure calculations by Takeg
hara and Kasuya.24 The calculated energy band structu
shows that LuInCu4 is a compensated semimetal with sm
carrier density in agreement with electrical resistivity a
Hall effect measurements.45 The Fermi surface consists o
two sheets. The 32nd band has closed hole sheetsh32 around
W symmetry points and the 33rd band has closed elec
sheetse33 aroundX points. The bands in the lowest region
the occupied part of the band structure of LuInCu4 ~Fig. 3!
between29.5 and27 eV have mostly Ins character with
some amount of Cu and Lusp character mixed in. The high
est region can be characterized as a bonding combinatio
Cu d and In p states. Cud bands are completely occupie

FIG. 8. Expended view of the total DOSN(E) of YbCu5 ,
YbAgCu4, and YbInCu4 ~for Yb31 and Yb2.81 configurations! cal-
culated in the LSDA1U approximation.
-

l

n

of

and situated below the Fermi level at24 to 21.5 eV. Lud
states are almost empty and situated above the Fermi le

In Fig. 4 we compare the calculated complex dielect
function«(v) and the reflectivityR(v) with the experiment.
As can be seen, theory in LSDA and experiment agree v
well. Above 3 eV, the theory gives a slightly larger refle
tivity in comparison with experimental measurements. O
of the possible reasons for this is a nonideal sample surf
its roughness could reduce the optical reflectivity in this e
ergy range.

The LSDA total DOS of YbInCu4 is shown in Fig. 5. The
energy-band structure of YbInCu4 is very similar to that of
LuInCu4. The bands in the lowest region have mostly Ins
character with some amount of Cu and Ybs character mixed
in. Cu d bands are completely occupied and situated be
the Fermi level between24 and21.5 eV. The large nar-
row peak close to the Fermi energy is formed by Ybf
states. Unoccupied 5d bands of Yb are separated from the 4f
states by a quasigap, a characteristic and important featu
the YbInCu4 compound. The position of the LSDA 4f states
close to the Fermi energy is, on the other hand, in contra
tion to the findings of XPS and BIS experiments.26

FIG. 9. Comparison between the experimental~dots! optical
conductivity s(v) ~in 1014 s21), reflectivity R, real part«1(v),
and imaginary part«2(v) of the dielectric function of YbInCu4
calculated within LSDA and LSDA1U approximations~solid line!.



-
is
th
o

o
p-

iz
la

su
nt
ic

n

y
al

es
r
-

g

ve
nt
hat

e

e In
just

ec-
for

is
to

-
is
i

m-

op-
the
al
nd

A
cal

at
is

-
ands
n

en-

ct

e

1748 PRB 62V. N. ANTONOV et al.
In our spin-polarized fully relativistic LMTO LSDA1U
band-structure calculations we start from the 4f 13 configura-
tion for Yb31 ion with 13 on-site 4f energies shifted down
wards by Ueff/2 and one level shifted upwards by th
amount. From total energy calculations we found that
Yb31 ground state corresponds to the projection of the
bital momentum onto the spin direction equal toml513 in
accordance with all three Hund’s rules. The energies of
cupied and unoccupied Yb31 f bands are separated by a
proximatelyUeff . We emphasize, however, that the 4f states
are not treated as completely localized. They may hybrid
and together with all other states their energy positions re
to self-consistency.

Usually the Hubbard-likeUeff is estimated by comparing
the theoretically calculated energy positions off bands with
XPS and UPS measurements. From photoemission mea
mentsUeff is found to be in the range of 5–7 eV for differe
Yb compounds.48 It can also be calculated from atom
Dirac-Hartree-Fock ~DHF! calculations,48 from Green-
function impurity calculations,49 and from band-structure
calculations in supercell approximation.50 The calculated
value ofUeff strongly depends on theoretical approximatio

FIG. 10. Comparison between the experimental optical spe
of YbInCu4 measured below~10 K! and above~50 K! the phase
transition and calculated spectra for different occupation numb
of the hole 4f state in the LSDA1U approximation.
e
r-

c-

e,
x

re-

s

and we prefer to treat the value ofUeff as a parameter and tr
to specify it from comparison of the calculated physic
properties of YbMCu4 compounds with experiments.

The LSDA1U energy bands and partial density of stat
of YbInCu4 for Ueff56 eV are shown in Figs. 6 and 7. Fo
the trivalent Yb ion, thirteen 4f electron bands are well be
low the Fermi level in the energy range between26 and
28 eV ~Fig. 7!. They are split due to spin-orbit couplin
Deso51.2 eV and separated from a 4f hole state by the
correlation energyUeff . The unoccupied 4f 14 level, which,
through the Coulomb interaction is initially placed abo
EF , is pulled onEF during the process of self-consiste
relaxation. A fundamental aspect of this observation is t
we find the pinning of the 4f 14 state atEF to be an inherent
property of YbInCu4: It happens irrespective of the precis
value of Ue f f . The insensitiveness of this feature onUe f f
can be understood as reflecting the large bandwidth of th
p band with a low DOS and the existence of a quasigap
above the Fermi level. The 4f hole level should become
partially occupied to achieve the required number of el
trons within the Fermi sphere. Due to a small phase space
hybridization and small Yb 4f –In p orbital overlap, the
DOS peak of the hole band is as narrow as 0.02 eV~Fig.
8!.51 It is now clear why the usual Kondo-lattice scenario
inappropriate for this compound. For a Kondo resonance
develop both the occupied and empty 4f states must be suf
ficiently far away from the Fermi level. Quite opposite to th
situation the~almost! empty level is pinned to the Ferm
energy. Since the upper 4f level is only partly occupied,
YbInCu4 is calculated to be an intermediate valent co
pound in agreement with the experimental data.1,9–11

After the consideration of the above band-structure pr
erties we turn to the optical spectra. In Fig. 9 we show
LSDA and LSDA1U calculated and experimental optic
spectra of YbInCu4. The best agreement between theory a
the experiment was found when we used the LSDA1U ap-
proximation. The most important discrepancy in the LSD
spectra is the shifting of the prominent peak in the opti
conductivity and imaginary part of dielectric function«2(v)
towards larger photon energies. This peak situated
;1.2 eV in the experimentally measured optical spectra
mostly due to Inp→Yb d interband transitions. These tran
sitions take place between occupied and empty energy b
alongL-W, X-W, andG-K symmetry directions and also i
some inner parts of the Brillouin zone. Although 4f states do
not participate to the optical interband transitions in the

ra

rs

FIG. 11. LSDA1U self-consistent fully relativistic, spin-
polarized energy-band structure and total DOS@in states/~unit cell
eV!# of YbAgCu4 (Ue f f56 eV).
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ergy interval from 0 to 5 eV~due to a large binding energy o
occupied 4f states and the extreme narrowness of the pa
occupied hole 4f 14 level!, they affect the optical spectra in
directly through changing of the ionicity of the Yb ion
LSDA produces the energy-band structure of YbInCu4 with
fully occupied 4f bands for divalent Yb ions~Fig. 5!. The
Coulomb repulsionUe f f strongly influences the electroni
structure of YbInCu4. Thirteen 4f occupied energy bands ar
well below the Fermi energy and a hole 4f 14 level is partly
occupied and pinned at the Fermi level. Therefore the ion
ity of the Yb ion in the LSDA1U calculations is close to
31. On the other hand, the 4f -electron density is closer to
the nucleus than that of the 4s, p, andd electrons. Hence, the
increasing Yb ionicity~i.e., the decreasing number of 4f
electrons in the close vicinity of the nucleus! in the LSDA
1U calculations leads to narrowing of Ybd energy bands
due to decreasing of nucleus screening. Therefore empty
d states in the LSDA1U calculations shift downwards de
creasing the Inp→Yb d interband energies and the prom
nent peak shifts to smaller energies in remarkable agreem
with the experimental measurements~Fig. 9!.

The measurements of the optical spectra of YbInCu4 in
Ref. 21 show that its optical response abruptly changes a
phase transition temperature~Fig. 10!, whereas no distortion
of the crystal structure occurs. The major effect of suc
phenomenon is also due to the changing of the Yb ionic
As estimated by x-ray-absorption and lattice const
measurements9,13 at the first-order valence transition atTv
542 K the Yb valence is reduced to approximately 2.8.
order to investigate the influence of the valence reduction
Yb, we performed the self-consistent LSDA1U calculations
of the energy-band structure and optical spectra of YbInC4
using starting configurations of the unoccupied 4f 14 level
equal to 0.9 and 0.8. Such a ‘‘virtual cryst
approximation’’52 leads to the energy-band structure w
wider Yb d energy bands due to the increasing nucl
screening by 4f electrons. The optical spectra, therefore, a
shifted towards higher photon energies in good agreem
with the experimental measurements~Fig. 10!.

The LSDA1U calculations show that the decrease of t
Yb ionicity is accompanied by an essential decrease of
density of states at the Fermi level, which is equal to 17
11.5, and 10.8 states/~unit cell eV! for Yb31, Yb2.91, and
Yb2.81, respectively~Fig. 8!. This aspect reflects the fact th
the ground state of YbInCu4 exhibits a Yb valence less tha
31. Here, we should mention that for the Yb31 configura-

FIG. 12. LSDA1U self-consistent fully relativistic, spin-
polarized energy band structure and total DOS@in states/~unit cell
eV!# of YbCu5 (Ue f f56 eV).
ly
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tion we mean the starting configuration with zero occupat
of 4f 14 level. In the process of self-consistent relaxation t
initially empty hole 4f 14 level becomes partly occupied du
to pinning at the Fermi level with an occupation numb
equal to 0.14~valencev52.86). Using the Yb2.91 configu-
ration as initial configuration we achieved—after the se
consistent calculations—an occupation number equal
0.24. These results are in a good agreement with x-ray
sorption measurements at the YbLIII edge, which gave
v(LIII )52.9 and 2.8 above and belowTv , respectively.9

The total DOS at the Fermi level, resulting essentia
from the 4f hole states, yields forUeff56 eV a bare band
contribution to the Sommerfeld constant ofg
5p2kB

2NAN(eF)/3540, 27, and 25.4 mJ mol21 K22 for
Yb31, Yb2.91, and Yb2.81, respectively, in good agreemen
with specific heat measurements.9 These measurements gav
g522.3 mJ mol21 K22 at low temperatures below the pha

FIG. 13. Comparison between the experimental~dots! and
LSDA1U calculated~solid line! optical spectra of YbAgCu4.
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transition. The specific heat is also abruptly increased at
phase transition temperatureTv542 K.9

As an example, we show the LSDA1U energy bands of
YbAgCu4 and YbCu5 for Ueff56 eV in Figs. 11 and 12
The energy-band structure of YbAgCu4 as well as of YbCu5
is similar to YbInCu4 ~Fig. 6!. For the trivalent Yb ion, thir-
teen 4f electron bands are well below the Fermi level in t
energy range between24.5 and27 eV slightly shifted up-
wards in comparison with YbInCu4. They are split due to
spin-orbit couplingDeso51.5 eV and separated from the 4f
hole state by the correlation energyUeff . The position of
occupied 4f bands in YbAgCu4 is in good agreement with
x-ray photoemission measurements. According to the X
measurements the multiplet structure of the 4f 12 final states
on Yb31 sites is situated between25 and212 eV.26 The
most significant difference between the electronic structu
of YbAgCu4 and YbInCu4 compounds is in the position o
the hole 4f 14 level. In the case of YbInCu4 the upper 4f
level is partly occupied and pinned at the Fermi level due
the existence of a quasigap in the density of states just ab
the Fermi level~Fig. 6!. In YbAgCu4 the occupied 4f states
shifted upward, and a similar quasigap situated 1.5 eV ab
the Fermi energy~Fig. 11!; therefore the hole level in
YbAgCu4 is completely empty and situated sufficiently f
from the Fermi level~Fig. 8!. Such a situation is appropriat
for the developing of the Kondo-lattice scenario in this co
pound. The hole level has a similar position in YbCu5 ~Fig.
8!, YbPdCu4, and YbAuCu4 . YbCu5 is really a typical dense

FIG. 14. Comparison between the experimental~dots! and
LSDA1U calculated~solid line! optical spectra of YbPdCu4.
e
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Kondo system with an electronic specific heat coefficieng
5550 mJ/mol K2 ~Ref. 5!, while the Kondo effect is not the
most dominant interaction mechanism in YbAuCu4 and
YbPdCu4, where long range magnetic ordering is observed
0.6 and 0.8 K, respectively.2

In Figs. 13, 14, and 15 we show the LSDA1U calculated
and experimentally measured optical spectra of YbAgC4,
YbPdCu4 , and YbAuCu4. The agreement between the theo
and the experiment is very good.

V. SUMMARY

In conclusion we have shown that the optical spectra
YbMCu4 (M5Cu, Ag, Au, Pd, and In! are very sensitive
tools for drawing conclusions about the appropriate mo
description. On account of the calculated optical spectra
conclude that YbInCu4 optical spectra are best described u
ing the LSDA1U approach. It was found that the main pe
in the optical conductivitys(v) of YbMCu4 at 1.2 eV re-
sults from Inp→Yb d interband transitions between occ

FIG. 15. Comparison between the experimental~dots! and
LSDA1U calculated~solid line! optical spectra of YbAuCu4.
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pied and empty energy bands alongL-W, X-W, and G-K
symmetry directions and also in some inner parts of the B
louin zone.

Measurements of the optical spectra of YbInCu4 show
significant changes at the phase transition temperature
particular between 0.1 and 0.2 eV. The theoretical calcu
tions demonstrate that the major effect results from
change of the Yb ionicity. At the first-order valence tran
tion at Tv542 K the Yb valence is reduced from 2.9
approximately 2.8. This leads to an increase of the nuc
screening by 4f electrons and to an increase of the Inp
→Yb d interband transition energies due to the shift of t
empty Ybd band upwards.

In YbInCu4 the upper hole 4f level is partly occupied and
pinned at the Fermi energy, therefore, YbInCu4 is calculated
to be an intermediate valent compound in agreement with
,

,
C
n

n

l

s

,

J

l-

in
-

e
-

ar

e

experimental data. In the YbMCu4 (M5Cu, Ag, Au, and
Pd! a hole level is completely empty and situated sufficien
far from the Fermi level. Such a situation is appropriate
the developing of the Kondo-lattice scenario.

The different ground states observed in YbMCu4 (M
5Cu, Ag, Au, and Pd! compounds result from the compet
tion between three interactions: the crystal field interacti
the magnetic intersite Ruderman-Kittel-Kasuya-Yosida int
action, and the intrasite Kondo effect. The evaluation
ground states of the compounds from first principles requ
further investigation.
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