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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 LulnCy and YoM Cu, (M =Cu,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 approxim@&mbA) and within its
extension that explicitly takes into account the on-siteCbulomb interactiond (LSDA+U). A remarkable
agreement between theory and experiment has been found.

[. INTRODUCTION and spin-disorder scatterif. High-resolution neutron

The YoM Cu, (M=Cu, Ag, Au, Pd, and Incompounds powder-diffraction studies confirm that the first-order transi-
crystallize in the cubic AuBgtype (C15b) structure and tion is an isostructural one, with YbInGuetaining itsC15b
preserve the Yb ion in its trivalent state with total angularstructure at all temperaturé$!® Such an “isomorphic” va-
momentumJ=7/212 These systems have been investigatedence transition is fundamentally similar to the- y transi-
extensively because of their rich variety of phenomena ation in cerium?® which raises the question whether both tran-
low temperature. In particular, YbAgGis known to show a  sitions have a common origin.
typical dense Kondo behaviéf.in which localized moments Optical spectroscopy has been proved as a powerful tool
of Yb3* (419 at high temperatures are gradually screenedn the study of intermediate-valence and heavy-fermion
through the hybridization with the conduction electrons, re<compoundt’~?°because it supplies direct information about
sulting in the enhanced Pauli paramagnetic state down tthe energy statefhoth occupied and unoccupjetth a wide
very low temperatures. A moderately large electronic speenergy interval around the Fermi energy and can provide a
cific heat coefficient has also been reported as means of discrimination between the different theoretical
=245 mJ/mol R.* Recently prepared by a high-pressurelimits. The optical properties of the YtCu, (M=Ag, Au,
technique the YbGyphase withC15b structure also shows Pd, and In were investigated in Refs. 21-23. In the case of
Kondo-lattice formationwith an even larger electronic spe- YbInCu, relevant differences in the optical spectrum were
cific heat coefficienty=550 mJ/mol K. Furthermore, the observed between 0.1 and 2 eV, above and below the tran-
temperature dependence of magnetic susceptiiligd  sition temperaturé!
magnetic part of specific héan these systems are well de-  The energy-band structure for YbIingdogether with
scribed by the Bethe-ansatz solution of the Coglin-SchrieffetulnCu, has been presented first in Ref. 24 using the self-
model® No magnetic ordering was found in both compoundsconsistent augmented plane wai&PW) method with the
down to 2.0 K>7 On the other hand, the Kondo effect is not local-spin-density approximatioLSDA). In LulnCu,, the
dominant in YbAuCy and YbPdCuy, and long range mag- calculations show that this compound is a compensated
netic ordering is observed at 0.6 and 0.8 K, respecti¥@ly. semimetal with small carrier density. LSDA produces for
Finally, YbInCy, has attracted much attention recently be-YbInCu, the energy-band structure with fully occupied 4
cause it is the only known stoichiometric compound thatbands located in the vicinity of the Fermi level. In other
undergoes a first-order isostructural valence transition at anwords, the LSDA gives a divalent state for the Yb ion in
bient pressuré®! At high temperature Yb appears to be contradiction to the experimental data, according to which at
essentially trivalent, displaying Curie-Weiss susceptibilityhigh temperature Yb appears to be essentially trivalent and
with a paramagnetic moment near free ion value ofu4.5 after the phase transition &t,=42 K the Yb valence is
At the first-order valence transitioioccurring at a tempera- reduced to approximately 2: 3 The calculations of the
ture T, in the range from about 40 to 80 K, depending sen-electronic structure of Yl Cu,(M =Ag,Au, Pd) in Refs. 23
sitively on the particular composition of each samfi&or  and 25 in the LSDA using the full-potential linearized APW
our sampleT, =42 K) the Yb valence is reduced to approxi- (FP LAPW) method also produce the band structure with 4
mately 2.8(as estimated by x-ray-absorption and lattice con-states situated below the Fermi level a0.5 eV. Direct
stant measuremeits), with a consequent increase in lattice measurements of the electronic structure of\W®u, (M
volume of 0.5% and a reduction in magnetic susceptibility=Ag, Au, Pd compounds using x-ray photoemissiotPS
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and bremsstrahlung isochromat spectroscof®$) sug- a single particle description, even though intra-atomfe 4
gested that the valence of Yb in this compounds is close t@€oulomb correlations are explicitly taken into account. The
3+ with occupied 4 states situated betweenl2 to—5 eV ~ LSDA+U method has proven to be a very efficient and re-
and an unoccupied hole state just above and close to tHmble tool in calculating the electronic structure of systems
Fermi level® The application of LSDA calculations to the containing localized orbitals where the Coulomb interaction
YbXCu, is inappropriate, because of the correlated nature ofs much larger than the bandwidth. It works not only fdr 4
4f electrons in these compounds. The LSDA gave the wrongrbitals of rare-earth ions, but also for such systems as tran-
energy position for 4 energy bands and predicted a divalentsition metal oxides, where localizedd 3orbitals hybridize
ground state for the Yb ion in these compounds in contrast tguite strongly with oxygen g orbitals (see review article
the experimental data. Ref. 29, it was also successfully applied to heavy-fermion
The aim of this paper is to present a detailed experimentatompounds YbPtB{Ref. 31) and YhAs; (Ref. 32.
and theoretical study of the electronic structure and optical RMCu, (R=Yb, Lu; M=Cu, Ag, Au, Pd, In) com-
properties of YMCu, (M=Cu, Ag, Au, Pd, and Incom-  pounds are isostructural to MgSnCuwhich has a face-
pounds. The energy-band structure of the compounds calcgenterd cubidfcc) lattice with six atoms per unit cell. The
lated within theab initio approach takes strong correlations space group i§43m (No. 216 with R at the 4 positions,
into account. This is achieved by applying a local-spin-\j at the 4 positions, and Cu at the &6positions. The
density approximation to the density-functional theoryeyperimental lattice constants are equal to 6.975, 7.0814,
supplemented by a Hubbatditerm (LSDA+U).*" We also 70519, 7.0396, and 7.123 A for Cu, Ag, Au, Pd, and In,
presented the electronic structure and optical spectra Gggpectively?
LulnCy, as a reference compound. _ The electronic structure of the compounds was calculated
The paper is organized as follows. The computational desef-consistently using the local-spin-density approxima-
tails are presented in Sec. II. Section Ill presents the opticaion® and the fully relativistic spin-polarized LMTO
measurements of the compounds. Section IV is devoted tgethod®=2" in the atomic-sphere approximation, including

the electronic structure of the compounds calculated in thehe combined correctiofASA+CC).3>*8Core-charge densi-
LSDA and LSDA+U approximations. Theoretical results ties were recalculated at every iteration of the self-
are compared to previous band-structure calculations and thgnsistency loop. The spin polarization has been included in
experimental measurements. Finally, the results are sSUmMgne variational step? The combined correction terms have

rized in Sec. V. been included also in calculation of the optical matrix
element$? The basis consisted of the ¥p, d, f, andg; Cu
Il. THEORETICAL FRAMEWORK s, p, d, andf; Ms, p, andd LMTQO'’s. The energy expansion

o parameter& g, were chosen at the centers of gravity of the

The application of standard LSDA methodsftshell sys-  occupied parts of the partial densities of states both for
tems meets with problems in most cases, because of the cQtharge density calculations and for MO calculations. The
related nature of thé electrons. To account better for the y_gpace integrations were performed with the improved tet-
on-sitef-electron correlations, we have adopted as a suitablgshedron methdd and charge self-consistently was obtained
model Hamiltonian that of the LSDAU approactt’ The  \with 589 irreduciblek points.
main idea is the same as in the Anderson impurity métel: ~ \ye have adopted the LSDAU method” as a different
the separate treatment of localizeelectrons for which the |eve| of approximation to treat the electron-electron correla-
Coulombf-f interaction is taken into account by a Hubbard- jon. Note thatU,; is simply a parameter and set to 6.0 eV
type term in the Hamiltoniag UX,;.jnin; (n; aref-orbital  for all the compoundgaccording to experiment, as described
occupancies and delocalized,p,d electrons for which the  pejow).
local density approximation for the Coulomb interaction is |5 our optical calculations we calculated the dielectric
regarded as sufficient. The detailed description of theynction considering only electronic excitations. We used the
LSDA+U method can be found elsewhéfe”**here we  random-phase approximation and neglected local-field and
only mention that the orbital energies are determined in  finjte lifetime effects’? The interband contribution to the
the LSDA+U method as derivatives of total energy func- imaginary part of the dielectric function is given by
tional E with respect to orbital occupatioms :

2 2 unocc occ

JE L s 8mce »
Si:m:ELSDA+(U_‘])(§_ni):ELSDAJ‘_Ueff(E_ni)i ey (0)=—— > > f P (k)|
! 1) MW~ nxn’ n’ /BZ
. . K d3k
where U is the screened Coulomb parameter, dnig the X(EE_En/_ﬁw) 2
exchange parameter. This simple formula shifts the LSDA (2m)®

orbital energy by—U.#/2 for occupiedf orbitals (n;=1)
and by +U¢¢/2 for unoccupied orbitals (h;=0). B

The advantage of the LSDAU method is the ability to  Where P (k) is the projection of the momentum matrix
treat simultaneously delocalized conduction band electronglements ., (k) along thev direction of the electric fieldE.
and localized 4 electrons in the same computational EX are the one-electron energies. The relativistic expression
scheme. With regard to these electronic structure calculasf the optical transition matrix element in Dirac representa-
tions, we mention that the present approach is still essentiallgion was derived in Ref. 40.
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FIG. 1. Optical conductivity of the four Yb compounds and

LuCy,In measured at different temperatures.

After having evaluated Ed2), we calculate the interband
contribution to the real part of the dielectric functien(w)

from the Kramers-KronigdKK) relation:

gy(w')ow'do’

2
g1(w)=1+ ;Pf W

—w
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e 2
(wp)?= — > BZd%[aEﬁ/akV]Za(Eﬁ—Ef). (5)

n

We also calculated the optical conductivity and the reflec-
tivity R(w) using Egs(2)—(5) and the following relations:

g(w)=—¢ey(w), (6)

and

R(w)= Y

where the complex dielectric functian=¢,+ ¢.

We first calculate directly the imaginary part of dielectric
function(2) in a wide energy range from 0 to 40 eV. The real
part of the dielectric function and the other optical functions
were then calculated using the formulas presented above.

Ill. EXPERIMENTAL MEASUREMENTS

The samples were prepared from stoichiometric amounts
of elements using high-frequency melting under a protective
argon atmosphere. Subsequently, a heat treatmenf at
=750°C 1 week long, in argon atmosphere, was applied.
The phase purity of the samples was checked using x-ray
diffraction measurements which were also used to determine
the lattice parameters. A shining optically cleaned surface of
about 0.5 crii was obtained on each sample by mechanical
polishing with diamond powders.

Due to the tendency to oxidation of the surfaces, freshly
polished surfaces were prepared just before the sample mea-
surements and checks of the oxide effects on the optical mea-

where P stands for the principal value. Finally, we add thesurements were performed by repeating the experiment. No
intraband contribution to obtain the total complex dielectricsurface effects seem to affect the results below 3 eV; for

function. We neglect this contribution #g,(®) according to
the perfect crystal approximatidithe defects and lattice os-
cillations are absentThe intraband contribution te;(w) is

given by

(w;V)Z
8I]}(‘l’)intra:l_ 2
w

where the squared plasma frequency is given by

LulnCu,
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FIG. 2. LSDA self-consistent fully relativistic, spin-polarized
energy band structure and total DQ& statesfunit cell eV)] of

LulnCu,.
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larger energies a decrease of the absolute reflectance can
occur due to roughness.

Usual grating photospectrometers and spectroscopic ellip-
sometry were used to measure the optical reflectivity of our
samples from the near infrared up to the ultravidgeeV).
Below 0.6 eV a Fourier spectrometer allowed us to extend
the measured spectral range down to far infrgreéd meV).
Measurements were performed at room temperature and at 6
K in the far infrared; at room temperature and at 10 K in the
other spectral ranges. In the case of Yblp@uurther mea-
surement was performed at about 50 K, just above the va-
lence transition of this sample.

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

Kramers-Krmig analysis of the data has been performed
in order to obtain the real and imaginary parts of the dielec-

tric function e=e;+ie,. Below 2 meV an extrapolation
based on the Drude model was assumed in order to connect
our results with the measured values of the dc conductivity
o4c- % Beyond 6 eV we use a conventional extrapolation
with a term decreasing as®, where the exponersthas been
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adjusted to fit the values of the dielectric function indepen-near the Fermi energy is expected. As a matter of fact, ac-
dently obtained by spectroscopic ellipsometry over the rangeording to Refs. 22 and 23, a renormalized plasma frequency
1.4-5eV. w; = \/?owp=4e2k,3;/37rm* ~0.35 eV, corresponding to an

The optical conductivityr(w) = (w/47) e,(w) for the in- effective massm* ~44m, and a Kondo temperatur@&y
vestigated compounds is plotted in Fig. 1. The low- and

high-energy parts of the spectra are indicated by a break of LulnCu,
the energy scale.

At low energies, between 1 and 500 meV, all panels in theory
Fig. 1 display a minimum at the extreme left of the energy 2 os o exper.
scale followed by a peak, or a shoulder, at about 3—4 meV. 2z
Similar features were revealed also in the spectra of the ref- i»’ 0.6 1
erence compound YInG#® They have to be ascribed to an S
optical phonon(the peak and to the semimetallic character o 0.4 -
of this series of compounds. In fact, due to the low carrier
density and to the character of the electronic states at the —t— l
Fermi level, originated essentially fromh states of Yb/Lu 150
ands,p states of the metallic ions, the electron-phonon in-
teraction causes a strong frequency-dependent scattering ~ 1004
which produces the conductivity minimum observed in the e
spectra. Such a feature has, therefore, nothing to do with a
direct renormalization of the states related to tha hybrid- 0T
ization of the incompleté shell of ytterbium, as instead ob-
served in other heavy-fermion or Kondo systeths. 0 e

The spectral behavior at energies above 10 meV exhibits 40
a common trend although different details, in the energy and 0l K
in the intensity of the optical structures, can be distinguished
among the various materials in the low- and high- w 0 P .
temperature regimes. Thus the broad peak or shoulder ex- \/Z—
tending roughly up to 0.1 eV is followed, at increasing en- -20T
ergies, by a decrease of the optical conductivity in all 10-
compounds. This decrease corresponds to the high-energy -407] N

limit for the free carrier contribution to the optical conduc- 0 1 2 3 4 5
tivity. Energy (eV)

A Striking exception to this behavior is the 10 K spectrum  FIG. 4. Comparison between the experimertiity and calcu-
of YbAgCu, [Fig. 1(c)] between 10 and 200 meV. Actually, lated optical reflectivityR(w), real parte,(») and imaginary part
YbAgQCu, at the lowest temperatures exhibits Kondo-latticee,(w) of the dielectric function of LulnCyu calculated within
behavior and a strong renormalization of the electronic statelsSDA (solid line).
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FIG. 5. LSDA total DOS of YbInCuin statesfunit cell eV). eV)] of YbInCu, (Ug=6 eV).

~90 K, can be evaluated from the optical spectd¥Buch  ing energy, by an intense, probably double but not resolved
a value of T is not far from that estimated by other structure centered at 1 eléee Fig. 1a)]. A shoulder at
technique$>*’ ~2 eV and a second smooth peak at about 3.1 eV can also

Moving to the high-energy part of the spectra in Fig. 1,be observed.
one can observe a series of structures corresponding to inter- By decreasing the temperature below 40 K, an abrupt
band transitions. A shoulder at about 0.4 eV is observed fochange occurs in the optical response of Yblp®@etween
Au and Ag compounds at room temperature, which is abserf).1 and 2 e\{see Fig. 1)]. The minimum present at 0.3 eV
in the spectrum of the Pd compound. A further structurein Fig. 1(a) disappears and the optical conductivity assumes
appears in the Ag spectrum at 0.9 eV. larger values up to about 0.5 eV, where a structure occurs. A

A series of smooth optical structures centred at 2 and 4.8et decrease of the peak intensity at 1 eV on the low-energy
eV occur in YbAgCy. Analogous structures are found in side is compensated by an increase above 1.1 eV, so that the
YbAuCu, and YbPdCy at 2.5, 3, 4.2, and 5.2 eV with 1 eV peak in Fig. {8) moves to=1.3 eV in the 10 K spec-
higher intensity in the former compound, and at 2.5 eV andrum in Fig. 1b). Such a behavior is consistent with the
as a smooth single structure, with lower intensity, between 4£hange observed in the Yb valertahich can change the
and 6 eV in the latter compound. carrier density and therefore the Fermi level.

The spectra of Lu- and Yb-based ternary compounds of In
deserve separate comments. In fact, Lu- and Yb-based mate-
rials at room temperature exhibit almost exactly the same
features except a broader and smoother intraband contribu-
tion in YbInCuw, (due to the additional magnetic scattering The LSDA fully relativistic spin-polarized energy band
similar to YbAgCu). In both YbInCy and LulnCy at high  structure and total and partial density of stat€S) of
T, a conductivity minimum at 0.3 eV is followed, at increas- LulnCu,, are shown in Figs. 2 and 3. These results agree

IV. ELECTRONIC STRUCTURE AND INTERBAND
TRANSITIONS

YbInCu, LSDA+ U

150 60
N(E) Yb f 8T Cu d
100+ 404 61
4__
50+ 204+
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0 J ¢ ey 0 ot et 0 frrter
12T I p Yo d 037 cu p
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0.8 1 N 0271 FIG. 7. LSDA+ U total N(E) [in statesfunit
| ' cell eV)] and partial DOSin statesfatom eVj] of
0.4 1 [ 4+ 0.1 1 YbInCu,.
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101 . .
i and situated below the Fermi levela# to —1.5 eV. Lud
l states are almost empty and situated above the Fermi level.
00 AARARRRS APSARRARAN 0: o In Fig. 4 we compare the calculated complex dielectric

functione(w) and the reflectivityR(w) with the experiment.
Energy (eV) As can be seen, theory in LSDA and experiment agree very
well. Above 3 eV, the theory gives a slightly larger reflec-
tivity in comparison with experimental measurements. One
of the possible reasons for this is a nonideal sample surface;
its roughness could reduce the optical reflectivity in this en-
well with previous band-structure calculations by Takega-ergy range.

hara and Kasuy& The calculated energy band structure The LSDA total DOS of YbInCuis shown in Fig. 5. The
shows that LulnCuis a compensated semimetal with small energy-band structure of YbIngus very similar to that of
carrier density in agreement with electrical resistivity andLulnCu,. The bands in the lowest region have mostlysin
Hall effect measuremenfs.The Fermi surface consists of character with some amount of Cu and ¥bharacter mixed
two sheets. The 32nd band has closed hole sliggtround in. Cud bands are completely occupied and situated below
W symmetry points and the 33rd band has closed electrothe Fermi level between-4 and—1.5 eV. The large nar-
sheet®s; aroundX points. The bands in the lowest region of row peak close to the Fermi energy is formed by Yb 4
the occupied part of the band structure of LulpQhig. 3)  states. Unoccupieddbbands of Yb are separated from the 4
between—9.5 and—7 eV have mostly Irs character with  states by a quasigap, a characteristic and important feature of
some amount of Cu and Lsp character mixed in. The high- the YbInCuy compound. The position of the LSDAf &tates

est region can be characterized as a bonding combination afose to the Fermi energy is, on the other hand, in contradic-
Cud and Inp states. Cud bands are completely occupied tion to the findings of XPS and BIS experimefis.

FIG. 8. Expended view of the total DON(E) of YbCus,
YbAgCu,, and YbInCy (for Yb®* and YB®" configurations cal-
culated in the LSDA-U approximation.
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Reflectivity

and we prefer to treat the value 0ty as a parameter and try
to specify it from comparison of the calculated physical
properties of YIM Cu, compounds with experiments.

The LSDA+ U energy bands and partial density of states
of YbInCu, for U,s=6 eV are shown in Figs. 6 and 7. For
the trivalent Yb ion, thirteen # electron bands are well be-
low the Fermi level in the energy range betwee® and
—8 eV (Fig. 7). They are split due to spin-orbit coupling
Aes,=1.2 eV and separated from &f ole state by the
correlation energy¢. The unoccupied #4 level, which,
through the Coulomb interaction is initially placed above
Er, is pulled onEg during the process of self-consistent
relaxation. A fundamental aspect of this observation is that
we find the pinning of the # state atEg to be an inherent
property of YbInCuy: It happens irrespective of the precise
value of Ug¢s. The insensitiveness of this feature by
can be understood as reflecting the large bandwidth of the In

Energy (eV) Energy (eV) p band with a low DOS and the existence of a quasigap just
above the Fermi level. Thef4hole level should become

FIG. 10. Comparison between the experimental optical SpeCtrﬁartiaIIy occupied to achieve the required number of elec-
of YbInCu, measured below10 K) and above(50 K) the phase  trons within the Fermi sphere. Due to a small phase space for
transition and calcu_lated spectra for dn‘fer_ent _occupatmn numberﬁybridization and small Yb #In p orbital overlap, the
of the hole 4 state in the LSDA-U approximation. DOS peak of the hole band is as narrow as 0.02(Eld.

8).5 It is now clear why the usual Kondo-lattice scenario is

In our spin-polarized fully relativistic LMTO LSDA U inappropriate for this compound. For a Kondo resonance to
band-structure calculations we start from thid%configura-  develop both the occupied and emptfy states must be suf-
tion for Yb®" ion with 13 on-site 4 energies shifted down- ficiently far away from the Fermi level. Quite opposite to this
wards by U.«/2 and one level shifted upwards by this situation the(almosi empty level is pinned to the Fermi
amount. From total energy calculations we found that theenergy. Since the upperfdlevel is only partly occupied,
Yb3* ground state corresponds to the projection of the orYbInCu, is calculated to be an intermediate valent com-
bital momentum onto the spin direction equalnip=+3 in  pound in agreement with the experimental data‘*
accordance with all three Hund’s rules. The energies of oc- After the consideration of the above band-structure prop-
cupied and unoccupied ¥b f bands are separated by ap- erties we turn to the optical spectra. In Fig. 9 we show the
proximatelyU 4. We emphasize, however, that thestates LSDA and LSDA+U calculated and experimental optical
are not treated as completely localized. They may hybridizespectra of YbInCy The best agreement between theory and
and together with all other states their energy positions relathe experiment was found when we used the LSBDA ap-
to self-consistency. proximation. The most important discrepancy in the LSDA

Usually the Hubbard-likeJ o is estimated by comparing spectra is the shifting of the prominent peak in the optical
the theoretically calculated energy positionsf dfands with  conductivity and imaginary part of dielectric functien(w)
XPS and UPS measurements. From photoemission measuitewards larger photon energies. This peak situated at
mentsU . is found to be in the range of 5-7 eV for different ~1.2 eV in the experimentally measured optical spectra is
Yb compound$® It can also be calculated from atomic mostly due to Inp—Yb d interband transitions. These tran-
Dirac-Hartree-Fock (DHF) calculations® from Green- sitions take place between occupied and empty energy bands
function impurity calculationd® and from band-structure alongL-W, X-W, andI'-K symmetry directions and also in
calculations in supercell approximatidh.The calculated some inner parts of the Brillouin zone. Although dtates do
value ofU . strongly depends on theoretical approximationsnot participate to the optical interband transitions in the en-
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YbCug LSDA+ U N(E) YbAgCu,
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FIG. 12. LSDA+U self-consistent fully relativistic, spin- |
polarized energy band structure and total D@Sstatesfunit cell 0.8

eV)] of YbCus (Ugi;=6 eV). >
. . = 064
ergy interval from 0 to 5 e{due to a large binding energy of 5 ’
occupied 4 states and the extreme narrowness of the partly é 0.4
Q T
[

occupied hole #“ level), they affect the optical spectra in-
directly through changing of the ionicity of the Yb ion.
LSDA produces the energy-band structure of Yblp@uith 0.2 1 , , . .
fully occupied 4 bands for divalent Yb iongFig. 5. The

Coulomb repulsionU¢; strongly influences the electronic

structure of YbInCy. Thirteen 4 occupied energy bands are 01
well below the Fermi energy and a holé*4 level is partly
occupied and pinned at the Fermi level. Therefore the ionic- Ry 20

ity of the Yb ion in the LSDA+U calculations is close to

3+. On the other hand, thef4electron density is closer to

the nucleus than that of thesdp, andd electrons. Hence, the - 401
increasing Yb ionicity(i.e., the decreasing number off 4

electrons in the close vicinity of the nuclgus the LSDA

+U calculations leads to narrowing of Yd energy bands

boosoooooooocoowooooopoooooo

due to decreasing of nucleus screening. Therefore empty Yb 100 1
d states in the LSDA U calculations shift downwards de-

creasing the Irp—Yb d interband energies and the promi- o

nent peak shifts to smaller energies in remarkable agreement 50

with the experimental measuremefiisg. 9).

The measurements of the optical spectra of Ybin@u
Ref. 21 show that its optical response abruptly changes at the 04
phase transition temperatufeig. 10, whereas no distortion 0 1 2 3 4
of the crystal structure occurs. The major effect of such a
phenomenon is also due to the changing of the Yb ionicity. Energy (eV)

As estimated by x-ray-absorption and lattice constant FiG. 13. Comparison between the experimentdbts and
measurements® at the first-order valence transition &  LSDA+U calculated(solid line) optical spectra of YbAgCu

=42 K the Yb valence is reduced to approximately 2.8. In

order to investigate the influence of the valence reduction ofion we mean the starting configuration with zero occupation
Yb, we performed the self-consistent LSBAJ calculations  of 4f14 level. In the process of self-consistent relaxation the
of the energy-band structure and optical spectra of YbjnCuinitially empty hole 4* level becomes partly occupied due
using starting configurations of the unoccupietf4level  to pinning at the Fermi level with an occupation number
equal to 09 and 0.8. Such a “virtual crystal equal to 0.14valencev=2.86). Using the YB®" configu-
approximation® leads to the energy-band structure with ration as initial configuration we achieved—after the self-
wider Yb d energy bands due to the increasing nuclearconsistent calculations—an occupation number equal to
screening by # electrons. The optical spectra, therefore, are0.24. These results are in a good agreement with x-ray ab-
shifted towards higher photon energies in good agreemersiorption measurements at the Mk, edge, which gave
with the experimental measuremefisg. 10). v(L;;;)=2.9 and 2.8 above and beldly,, respectively’

The LSDA+ U calculations show that the decrease of the The total DOS at the Fermi level, resulting essentially
Yb ionicity is accompanied by an essential decrease of thérom the 4f hole states, yields fod.+=6 eV a bare band
density of states at the Fermi level, which is equal to 17.0contribution to the Sommerfeld constant ofy
11.5, and 10.8 statéshit cell eV) for Yb®**, Yb*", and  =m?k3NaN(ep)/3=40, 27, and 25.4 mImotK =2 for
Yb?®", respectively(Fig. 8. This aspect reflects the fact that Yb3*, Yb?%", and Y-8, respectively, in good agreement
the ground state of YbInGuexhibits a Yb valence less than with specific heat measuremert§hese measurements gave
3+. Here, we should mention that for the ¥bconfigura-  y=22.3 mJmol!K~2 at low temperatures below the phase
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FIG. 14. Comparison between the experimenfabty and o
LSDA+U calculated(solid line) optical spectra of YbPdGu w 50
transition. The specific heat is also abruptly increased at the
phase transition temperatufe=42 K2 0

As an example, we show the LSDAU energy bands of 0 1 2 3 4 5
YbAgCu, and YbCy for Us4=6 eV in Figs. 11 and 12. Energy (eV)
The energy-band structure of YbAgg£as well as of YbCuy
is similar to YbInCy (Fig. 6). For the trivalent Yb ion, thir- FIG. 15. Comparison between the experimentabts and
teen 4 electron bands are well below the Fermi level in theLSDA+ U calculated(solid line) optical spectra of YbAuCu
energy range between4.5 and—7 eV slightly shifted up-
wards in comparison with YbInGu They are split due to
spin-orbit couplingA e;,=1.5 eV and separated from thé 4
hole state by the correlation enerd.. The position of most dominant interaction mechanism in YbAuCand
occupied 4 bands in YbAgCy is in good agreement with YbPdCuy, where long range magnetic ordering is observed at
x-ray photoemission measurements. According to the XP®.6 and 0.8 K, respective?y.
measurements the multiplet structure of tHé?4inal states In Figs. 13, 14, and 15 we show the LSBAJ calculated
on YB** sites is situated between5 and—12 eV?® The  and experimentally measured optical spectra of YbAgCu
most significant difference between the electronic structureybPdCy,, and YbAuCy. The agreement between the theory
of YbAgCu, and YbInCy compounds is in the position of and the experiment is very good.
the hole 4'# level. In the case of YbInGuthe upper 4
level is partly occupied and pinned at the Fermi level due to
the existence of a quasigap in the density of states just above
the Fermi levelFig. 6). In YbAgCu, the occupied # states In conclusion we have shown that the optical spectra of
shifted upward, and a similar quasigap situated 1.5 eV abov¥bMCu, (M =Cu, Ag, Au, Pd, and Inare very sensitive
the Fermi energy(Fig. 11); therefore the hole level in tools for drawing conclusions about the appropriate model
YbAgCu, is completely empty and situated sufficiently far description. On account of the calculated optical spectra we
from the Fermi levelFig. 8). Such a situation is appropriate conclude that YbInCuoptical spectra are best described us-
for the developing of the Kondo-lattice scenario in this com-ing the LSDA+ U approach. It was found that the main peak
pound. The hole level has a similar position in YBG&Ig.  in the optical conductivityo(w) of YoMCu, at 1.2 eV re-

8), YbPdCu, and YbAuUCuy. YbCu; is really a typical dense sults from Inp—Yb d interband transitions between occu-

Kondo system with an electronic specific heat coefficignt
=550 mJ/mol K (Ref. 5, while the Kondo effect is not the

V. SUMMARY
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pied and empty energy bands alobhgWw, X-W, andI'-K experimental data. In the YCu, (M=Cu, Ag, Au, and
symmetry directions and also in some inner parts of the BrilPd) a hole level is completely empty and situated sufficiently
louin zone. far from the Fermi level. Such a situation is appropriate for
Measurements of the optical spectra of YblpGhow the developing of the Kondo-lattice scenario.
significant changes at the phase transition temperature, in The different ground states observed in MBu, (M
particular between 0.1 and 0.2 eV. The theoretical calcula=Cu, Ag, Au, and Pdcompounds result from the competi-
tions demonstrate that the major effect results from theion between three interactions: the crystal field interaction,
change of the Yb ionicity. At the first-order valence transi-the magnetic intersite Ruderman-Kittel-Kasuya-Yosida inter-
tion at T,=42 K the Yb valence is reduced from 2.9 to action, and the intrasite Kondo effect. The evaluation of
approximately 2.8. This leads to an increase of the nucleaground states of the compounds from first principles requires
screening by # electrons and to an increase of thepn further investigation.
—Yb d interband transition energies due to the shift of the
empty Ybd band upwards.
In YbInCuy, the upper hole #level is partly occupied and
pinned at the Fermi energy, therefore, YbInGsi calculated V.N.A. gratefully acknowledges the hospitality during his
to be an intermediate valent compound in agreement with thetay at Universitali Pavia.
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