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Origin of infrared peaks in the optical conductivity of ytterbium compounds
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We have calculated optical conductivity [o(w)] spectra of ytterbium compounds (YbAlz, YbAl,, YbCu,Si,,
YbNi,Ge,, YbInCuy, YbRh,Si,, YbIr,Si,, and YbB,,) based on the direct interband transition derived from
first-principle band calculation and compared the results with the experimentally obtained o(w) spectra. The
spectral feature of a peak in the middle-infrared (IR) region (mid-IR peak) and a shoulder structure in the
far-infrared region (far-IR shoulder) in the experimental o(w) spectra can be described by the band calculation
with a common renormalization factor. This result indicates that the infrared spectra of Yb compounds origi-
nate from the interband transition from the Yb 4f state but that the Yb 4f state shifts to the Fermi level with

strong electron correlation.
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In heavy fermion systems as well as mixed-valence ma-
terials, such as cerium (Ce), ytterbium (Yb), and uranium
compounds, a characteristic spectral feature, in which free
carriers absorption (and consequently Drude weight) due to
quasiparticles with heavy carrier mass and long relaxation
time, and middle-infrared (IR) peaks (mid-IR peaks), appear
in optical conductivity [o(w)] spectra in the far- and middle-
infrared regions, respectively.! The origin of the heavy qua-
siparticle state is believed to be the hybridization effect be-
tween conduction and local 4f electrons, namely, c-f
hybridization, which can be explained by the periodic Ander-
son model (PAM). In other words, the quasiparticle state due
to c-f hybridization appears on the Fermi level (Eg).2 The c-f
hybridization state as well as a heavy conduction band,
which can be clearly explained by PAM, have been directly
observed by a resonant angle-resolved photoemission spec-
troscopy of CeCoGe,,Siyg, a typical heavy fermion
compound.?

On the other hand, although mid-IR peaks clearly appear
in the o(w) spectra of many Ce and Yb compounds,* their
origin has remained a long-debated issue. One explanation of
the origin of the mid-IR peaks is the optical transition be-
tween the bonding and antibonding states of the c-f hybrid-
ization gap described by PAM.3-3 In this case, the energy of
the mid-IR peak should correspond to the hybridization in-
tensity and be proportional to the square root of the Kondo
temperature (Tk).” Another explanation based on band struc-
ture has been proposed; i.e., that mid-IR peaks originate
from a characteristic band structure in which the 4f state is
located near Ep.'%'2 In particular, both the energy position
and spectral shape of the mid-IR peaks of CeX; (X
=Pd, Sn, In) compounds can be explained by first-
principle band-structure calculation with the spin-orbit split-
ting (SOS).'? In Yb compounds, especially YbAl;, however,
the experimental o(w) spectra can be explained by band cal-
culation in which the 4f state is slightly shifted toward Ep.'!
The origin of the energy shift in the Yb 4f state is not clear,
even though the energy of the Ce 4f state in CeXj is fixed for
comparison.'?

In this Brief Report, we describe our investigation into the

PACS number(s): 71.27.4+a, 79.60.—1i

is the band structure. We calculated o(w) spectra of heavy
fermion Yb compounds (YbAl;, YbAl,, YbCu,Si,,
YbNi,Ge,, YbInCuy,, YbRh,Si,, and Yblr,Si,) and a Kondo
insulator (YbB,) from first-principle band calculation with
SOS and compared the results with the experimental o(w)
spectra. It was found that all of the calculated o(w) spectra
reproduce the experimental spectra as the optical transition
from the Yb 4f;,, state to the unoccupied state mainly origi-
nating from the Yb 5d state when the photon energy of all of
the calculated spectra is reduced. This result indicates that
the mid-IR peaks in Yb compounds also originate from the
characteristic band structure. The energy shift can be re-
garded as a common renormalization factor due to the strong
electron correlation of the Yb 4f state.

Local density approximation (LDA) band-structure calcu-
lation was performed by the full potential linearized aug-
mented plane wave plus local orbital (LAPW +lo) method
including SOS implemented in the WIEN2K code.!® The lat-
tice parameters listed in Table I reported in the literature for
YbAl," YbAIL,'"" YbCu,Si,,"> YbNi,Ge,,'® YbInCuy,"”
YbRh,Si,,'® I-type YbIr,Si,,'” and YbB,, (Ref. 20) were
used for the calculation. Ry7K .« (the smallest atomic sphere
radius multiplied by the maximum k value in the expansion
of plane waves in the basis set), which determines the accu-
racy of the basis set used, was set at 7.0. The total number of
Brillouin zones was sampled with 40,000 k points. The ob-
tained band structures of YbAl;, YbAl,, YbInCuy, YbRh,Si,,
and YbB,, are consistent with the previous band calculations
with SOS reported by other groups.!’'4202!1 The Ty is also
listed in Table I for reference. Note that the LDA band cal-
culation of YbB;, produces a semimetallic band structure,
which is not consistent with the experimental semiconduct-
ing character. However, the purpose of this report is to
investigate the origin of mid-IR peaks in Yb compounds
from the first-principle band calculation, therefore we
used the semi-metallic band structure from the LDA calcula-
tion.

The o(w) spectra were derived from a function as

origin of the mid-IR peak in Yb compounds and also the follows, in which direct interband transitions were
origin of the low-energy shift in the Yb 4f state if the origin assumed:?
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TABLE I. Space group, lattice constant, and Kondo temperature
of calculated Yb compounds.

Lattice Kondo
constant temperature
Space group (pm) (K)
YbAI; No. 221, Pm-3m a,b,c=420.0* 670P
YbAL, No. 227, Fd—-3m a,b,c=788.5° 20004

YbCu,Si, No. 139, I4/mmm  a,b=391.2, c=997.0° 40f
YbNi,Ge, No. 139, [4/mmm a,b=400.1, c=973.3¢ 30
YbInCuy  No. 216, F-43m a,b,c=712.3 4001
YbRh,Si, No. 139, I4/mmm a,b=400.7, c=985.8 25!
YbIr,Si, No. 139, I4/mmm a,b=403.2, c=982.6™ 40m
YbB;, No. 225, Fm—3m a,b,c=746.4" 240°

iReference 17.
JReference 26.
kReference 18.
IReference 27.
MReference 19.
"Reference 20.
%Reference 28.

4Reference 11.
PReference 22.
‘Reference 14.
dReference 23.
“Reference 15.
fReference 24.
gReference 16.
hReference 25.
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Here, the |n'k) and |nk) states denote the unoccupied and
occupied states, respectively, € and p are the polarization of
light and the momentum of the electron, respectively, f(&,z)
is the Fermi-Dirac distribution function, Aw,,,=¢&,;—&,f is
the energy difference between the unoccupied and occupied
states, and I' is the lifetime. In the calculation, Al'=1 meV
was assumed. The experimental o(w) spectra below the tem-
perature of 10 K already reported in the literature for
YbAI*  YbAL,® YbCu,Si,,® YbNi,Ge,,® YbInCuy,3!
YbRh,Si,,* I-type YbIr,Si,,** and YbB;, (Ref. 34) were
used for comparison with the calculated spectra. Since the
experimental o(w) spectra of single-crystalline YbCu,Si,,
YbNi,Ge,, YbRH,Si,, and YblIr,Si, have been measured in
the ab plane, o(w) calculation along the a axis was
performed.

The calculated o(w) spectra of the Yb compounds com-
pared with previously reported experimental spectra are
shown in Fig. 1. The experimental spectra have the peculiar
features of the mid-IR peak (open triangles), as already
pointed out, of the shoulder structure in the far-infrared re-
gion below 0.1 eV (far-IR shoulder, open circles), and of the
Drude weight of quasiparticles below 0.02 eV. Since the cal-
culation was only performed for the interband transition, the
Drude weight of quasiparticles is not discussed here. The
calculated o(w) spectra mainly originate from the interband
transition from the Yb 4f5,, to the unoccupied state including
the Yb 5d state. The experimental and calculated horizontal
scales are set at 0-0.5 eV (top axis) and 0-1.2 eV (bottom
axis), respectively. From this comparison, the experimental
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FIG. 1. (Color online) Calculated optical conductivity [o(w)]
spectra compared with experimental spectra of YbAl; (Ref. 30),
YbAL, (Ref. 8), YbCu,Si, (Ref. 8), YbNi,Ge, (Ref. 8), YbInCuy
(Ref. 31), YbRh,Si, (Ref. 32), YbIr,Si, (Ref. 33), and YbB,, (Ref.
34). The o(w) spectra of YbCu,Si,, YbNi,Ge,, YbRh,Si,, and
Yblr,Si, were calculated along the a axis, in the same way as the
experimental spectra. The horizontal scales of the experimental and
calculated spectra are located at the top and bottom, respectively.
Note that the horizontal scale of the calculated o(w) spectra is
reduced by a factor of 0.42 (=0.5/1.2) compared with that of the
experimental spectra. The vertical scales of the calculated and ex-
perimental o(w) spectra are identical except in the case of YbInCuy,
in which the experimental spectrum is three times as large as the
calculated spectrum. The mid-IR peaks and far-IR shoulders of the
experimental and calculated spectra are marked by open triangles
and open circles, respectively.

o(w) spectra can be seen to be roughly explained by the
calculation; for example, in YbAl;, the experimental mid-IR
peak and far-IR shoulder at around 0.25 and 0.05 eV corre-
spond to those at around 0.6 and 0.1 eV in the calculation,
respectively. In other Yb compounds, not only the mid-IR
peak but also the far-IR shoulder in the experimental spectra
are explained well by the calculated o(w) spectra. The ex-
perimental peak height is also reproduced by the band calcu-
lation except in the case of YbInCu,.’> For example, the
heights of the mid-IR peaks of YbAl;, YbCu,Si,, and YbB,
exceed 10* Q™' cm™', which corresponds to the calculated
height, while, those of YbRh,Si, and YblIr,Si, are about 5
X 10> Q' em™', which can be reproduced by the calcula-
tion. The calculated o(w) spectra can therefore successfully
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FIG. 2. (Color online) Experimental energies (fiw,,) of the
mid-IR peaks and far-IR shoulders as a function of the correspond-
ing calculated energies (fhw.,.) of Yb compounds (solid circles).
The error bars show the width of the peak top in both the experi-
mental and calculated spectra. The dashed line indicates fiw,,,,
=0.42 X hiw,,,., which is the reducing ratio of the photon energy in
Fig. 1

reproduce the experimental spectra. In other words, the in-
frared spectra of Yb compounds, especially the characteristic
mid-IR peaks and far-IR shoulders, originate from the band
structure. However, the horizontal scale of the calculated
spectra is reduced by 0.42 (=0.5/1.2). The meaning of the
reducing ratio is discussed next.

The energies of the mid-IR peaks and far-IR shoulders
derived from the experimental o(w) spectra shown in Fig. 1
are plotted as a function of the calculated photon energy of
the peaks and shoulders in Fig. 2. The dashed line in the
figure is the reducing ratio (fiw,y,=0.42X%w.,.) of the
photon energy in the calculated o(w) spectra shown in Fig.
1. This figure indicates that almost all of the mid-IR peaks
and far-IR shoulders except for the mid-IR peak of YbAI,
are located on the dashed line. This means that the experi-
mental o(w) spectra are similarly renormalized from the
spectra derived from the band-structure calculation in pro-
portion to the photon energy. Since both the mid-IR peaks
and far-IR shoulders originate from the interband transition
from the Yb 4f;,, state, the energy shift can be explained by
the renormalization of the Yb 4f;, state due to the strong
electron correlation. The Yb 415, peak in the LDA calcula-
tion of YbAI; is actually located at about 200 meV from the
Ep,"! but it has been observed at 43 meV in a photoemission
spectrum.’® In YbIr,Si, and YbRh,Si,, the Yb 4f;, disper-
sion is also pushed up to Eg from that of the LDA
calculation.’”=3° Therefore, since the Yb 4f,, peak is indeed
strongly renormalized,***! the same renormalization effect
appears in the o(w) spectra.

The renormalization effect of the Yb 4f;, peak can be
described by the renormalized perturbation theory based on
PAM.? Due to this theory, the one-particle Green’s function
for the 4f electron is written as

1 Z
e—gp+il(e)-3(s) 4 _ &t iA(e)

Gyle)= (2)

where &, and A(e) are the energy and width of the noninter-
acted 4f level, respectively, and 3(e) the self-energy of the
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4f state. z, the wave-function renormalization factor, is give
by

B ( - d>(g)
°= de

-1
) . 3)
e=0

and &=ze, and Ae)=zA(e).

Since the spectral function of the Yb 4f;, peak [p/(¢)] is
derived from pf(8)=—7lTIm G/(e), the renormalized Yb 4f;,
peak (&) shifts to the low binding-energy side from the non-
interacted 4f state (g/) by z. If the mid-IR peaks originate
from the interband transition from the Yb 415, to unoccu-
pied states, &7 and &; can be regarded to be i, and fiw,,,,
respectively. Therefore fiw,,, must be equal to zhw,y,,
which is consistent with the linear relation in Fig. 2. Then the
renormalization factor z becomes 0.42 from the dashed line
in Fig. 2, the self-energy 2(g)=-1.4¢ derived from Eq. (3),
and the effective mass (m*=m/z) becomes 2.4m,, where m;,
is the free-electron mass. The renormalization effect is con-
sistent with the photoemission spectrum of YbB,, because
the Kondo peak originating from the Yb 4f;, state shifts
close to Eg from the original Yb 4f;,, state derived from the
band-structure calculation due to the renormalization
effect.*> The same effect is considered to appear in the o(w)
spectra of the other Yb compounds speculated from Fig. 2.
This result is consistent with the fact that the real part of
self-energy is proportional to the energy near Ep (Ref. 43)
and actually within a few tenths of an eV.*?

So far, we have clearly shown that not only the mid-IR
peaks but also the far-IR shoulders of Yb compounds origi-
nate from the band structure as well as the interband transi-
tion from the Yb 4f;,, to the unoccupied state. Our previous
study on CeX; (X=Pd, Sn, In) also pointed out that the
mid-IR peaks can be explained by the band-structure
calculation.'? Therefore, it is concluded that the origin of the
infrared o(w) peaks of both Ce and Yb compounds is the
band structure in which the local 4f state is located very near
Er. The Yb compounds need the renormalization, however,
despite the fact that no correction is needed in the Ce com-
pounds. The reason for this is not clear, but the difference in
the 4f occupation number may play an important role.

Next, the reason why the experimental mid-IR peak of
YbAl, is located at the higher-energy side than the dashed
line in Fig. 2 is discussed. As shown in Table I, the Ty of
YbAIL, is much higher than those of the other compounds.
Both the high Ty and the intermediate valence?? indicate the
weak electron correlation of the Yb4f state in YDbAI,.
Hence, the renormalization factor is speculated to be close to
1. Actually, z of YbAI, can be evaluated to be about 0.73
from Fig. 2, which is larger than z in other compounds.
Therefore z is concluded to increase with Tk, which is con-
sistent with the renormalized perturbation theory.?

The empirical common renormalization discussed in this
work hides the physical meaning of the correlation effects
that are generally associated with the conventional c-f hy-
bridization and captured by several theoretical treatments
like the slave boson or the dynamical mean-field
approach.*-%® To clarify the basis of the renormalization,
further theoretical approaches are needed.
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To summarize, we derived the o(w) spectra of Yb com-
pounds (YbAl;, YbAL,, YbCu,Si,, YbNi,Ge,, YbInCu,,
YbRh,Si,, YbIr,Si,, and YbB,,) in the infrared region from
first-principle band calculation and compared them with the
experimental spectra. The calculated o(w) spectra are con-
sistent with the experimental spectra after the common renor-
malization even though the calculated Yb compounds have
different crystal structures and different Kondo temperatures.
This result indicates that the infrared spectra including the
mid-IR peaks and far-IR shoulders originate from the inter-
band transition from the strongly correlated Yb 4f;,, state to
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the unoccupied state. The mid-IR peaks and far-IR shoulders
reflect the renormalization effect of the Yb 4f;,, states due to
the strong electron correlation. Although strong electronic
correlations cannot be treated properly by LDA calculation,
they seem to be reasonable for Yb-based heavy fermion sys-
tems results which fit the data when the common renormal-
ization is applied.
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