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Inelastic x-ray scattering (IXS) was used to examine the valence fluctuation compound YbPd at 300 K in the
I'-X, I'-M, X-M, and X-R directions. The obtained spectra and determined phonon dispersion relations demon-
strate lattice instabilities related to the successive transitions and correlations between phonon spectra and
valence degrees of freedom in YbPd. The low-lying branches in the phonon dispersion relations as well as the
broadened linewidths of the IXS spectra observed around the longitudinal X point provide supporting evidence
of correlation between a valence-lattice interaction and the successive transitions in YbPd. X-ray absorption
spectroscopy was also performed in order to discuss correlations between lattice instabilities and Yb valence

degrees of freedom in YbPd.
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I. INTRODUCTION

YbPd undergoes successive transitions based on multiple
degrees of freedom in spite of its simple crystal structure.
YbPd has a CsCl-type crystal structure at room temperature
that is isostructural with the other RPd (R: rare earth) [1].
Judging from the rare-earth dependence of the lattice constant
in RPd, the valence state of Yb ions in YbPd is between the
divalent and trivalent states. YbPd has at least four phase
transitions at low temperatures [2]. A transition from a phase
with cubic symmetry to that with tetragonal symmetry at a
low temperature was revealed by x-ray diffraction [3]. At least
one of these transitions at lower temperatures below 1.7 K is a
magnetic transition, as suggested from the results of previous
170y b Mossbauer spectroscopy [3] and recent neutron diffrac-
tion [4] investigations.

Valence degrees of freedom sometimes affect structural
instabilities in materials. Intermediate valence states in some
compounds undergo charge ordering accompanied by struc-
tural transition. As mentioned above, the lattice constant in
the series of RPd does not obey the lanthanide contraction
at YbPd, suggesting an intermediate Yb valence state [1].
The temperature dependence of the lattice constant in YbPd
is weaker than those in TmPd and LuPd, suggesting tem-
perature dependence of the Yb valence based on lanthanide
contraction. A fluctuating Yb valence state was suggested
from the results of Yb Lyjj-edge x-ray absorption spectroscopy
(XAS) and '7°Yb Mossbauer spectroscopy [2,3]. The former
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demonstrated that the Yb has a mixed valence state. The
latter demonstrated that the spectrum at 4.2 K consists of
a single line, suggesting a single valence state. As was dis-
cussed in Refs. [5,6], the discrepancy between the results
obtained by XAS and Mossbauer spectroscopy evidences
that the rare-earth valence state is fluctuating in rare-earth
based intermetallic compounds such as Eu and Yb compounds
[7-11]. The '"°Yb Méssbauer spectrum at 0.05 K consists of
magnetic and nonmagnetic components [3], which suggests
valence ordering resulting in two valence states.

Valence ordering reduces a crystallographic symmetry be-
cause of the difference in ionic radius. Some experimental
results indicate the presence of structural transitions in YbPd.
As mentioned above, the transition from a structure with cubic
symmetry to that with tetragonal symmetry was first observed
in an x-ray diffraction experiment [3]. A Raman scattering
experiment demonstrated structural transitions above 100 K
that support the results of the previous x-ray diffraction ex-
periment [12]. More precise crystallographic studies of YbPd
in reciprocal spaces have recently been performed by x-ray
diffraction [13—15]. The obtained results demonstrated that
the successive transitions above 100 K are caused by struc-
tural transitions. A structural transition from a cubic phase
to a tetragonal one occurs at 7} = 125K [13]. Yb atoms oc-
cupy nonequivalent crystallographic sites below 7, = 105K
[13,14]. Successive incommensurate-commensurate transi-
tions occur at these temperatures [15]. These experimental
findings imply that structural instabilities are correlated with
YD valence degrees of freedom in YbPd.

The first investigation of lattice dynamics related to a pos-
sible valence ordering was performed for YbPd via inelastic
x-ray scattering (IXS) [16]. Softening around the x point along
the longitudinal (1 O 0) direction [X(L) point] was found
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at 300 K. Since the X point corresponds to cell doubling
due to nonequivalent crystallographic Yb sites, this softening
suggests coupling between the Yb valence and the struc-
tural instability in YbPd. In addition, broadened spectra were
observed near the zone boundary of the longitudinal (1 0 0) di-
rection in spite of the absence of any softening or broadening
in the transverse (1 0 0) direction. This also implies that the
anomalies observed in only the longitudinal (1 0 0) direction
correlate with the valence degrees of freedom in the valence
fluctuation system of YbPd. However, the flat dispersion and
broadened linewidth of the acoustic mode near the X(L) point
are anomalous in conventional charge-density wave (CDW)
systems [17,18]. Since the broadening is also observed in
steep dispersions, the confirmation of the origin of the line
broadening is required. In addition, the observation of such
low-energy excitation exhibiting a flat dispersion in a certain
volume of reciprocal space might affect the phonon density
of states (DOS) in YbPd. In fact, an anomalous quasielastic
contribution in the low-energy region was observed by inelas-
tic neutron scattering (INS) even at a high temperature [19].
Since the interpretation of the previous INS work is based on
the assumption that YbPd is isostructural with LuPd, a more
precise investigation related to low-energy phonons is crucial
to understand such anomalous low-energy excitations.

A calculation for YbPd based on the assumption that YbPd
isostructural with LuPd was also performed [20]. Since the
calculation for LuPd demonstrates the absence of softened
modes at the X(L) point, the softened acoustic mode observed
in YbPd correlates with the Yb valence degrees of freedom.
The calculation also gives a possible interpretation of the
phonon dispersion relation in the I'-X(L) and IXS spectra
around the X(L) point based on a valence-lattice interaction.
On the other hand, the calculated results indicate that softened
modes exist in the X-R and X-M directions. Judging from a
recent x-ray diffraction experiment [15], the softened mode in
the X-R direction correlates with the incommensurate struc-
tural transition at 7;. Furthermore, the calculated results imply
that the origin of the softening in the X-R direction differs
from those at the X(L) point and in the X-M direction: the
observation of the softened mode in the X-R direction is inde-
pendent of the valence-lattice interaction; the observation of
the softened modes at the X(L) point and in the X-M direction
is independent of the valence-lattice interaction.

In this work, phonon dispersion relations were reexamined
by IXS. A series of IXS experiments successfully confirmed
the flat dispersion relation around the X(L) point and the cor-
relation between the softened modes and the incommensurate
transition in the X-M and X-R directions. In addition, unex-
pected low-energy phonon contributions and the g-dependent
linewidth of the softened modes in the X-M and X-R directions
were observed in IXS experiments. In particular, since the
softened mode spectrum at the X(L) point exhibits temperature
dependence, correlations between the softened modes and the
Yb valence are also discussed in this paper. Furthermore,
Yb Lp-edge XAS was also performed to elucidate the re-
lationships between structural instability and the Yb valence
degrees of freedom. The combination of IXS and Yb Ly-edge
XAS makes it possible to discuss the role of lattice insta-
bilities and Yb valence degrees of freedom in the successive
transitions of YbPd.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Single-crystalline samples of YbPd were grown by the Yb
self-flux method [13]. The size of the samples was about
1 mm?®. The rocking curve width was about 0.5° at the (4 0 0)
reflection in each sample, which was large but smaller than the
uncertainty owing to the Q resolution in IXS measurements,
judging from the lattice constant of YbPd [1].

Polycrystalline samples of YbPd for the XAS measure-
ments were synthesized by annealing a mixture of YbsPd,
and Pd powder samples in H, gas atmosphere at 923 K for
4 d [4]. Although it is difficult to crush single-crystalline
YbPd samples into powder ones, this method enabled us to
obtain powder YbPd samples for XAS measurements. After
annealing, x-ray diffraction pattern was taken at 300 K in
order to check the presence of impurity phases. The powder
sample is contaminated by 11.4 wt % of Yb,0O3 and 8.3 wt %
of YbH,, which means that 14.7 mol % of Yb>t and 12.1 mol
% of Yb** are contained as temperature-independent valence
states in the powder sample.

B. Experimental setup of IXS

An IXS experiment was carried out at BL35XU of
SPring-8 [21]. 3 x 4 analyzer arrays were installed in the
IXS spectrometer of BL35XU. We chose the Si(11 11 11)
backscattering setup: the incident x-ray energy was 21.747
keV and the energy resolution was about 1.5 meV, slightly
depending on the analyzer. The typical background rate was
less than 1/100 counts per second. In the present work, the
O resolutions in the IXS measurements were AQ~(0.05 0.03
0.04) in reciprocal lattice unit (r. I. u.) in the “normal” setup
and AQ~(0.02 0.02 0.01) (r. 1. u.) in the “high-resolution”
setup, slightly depending on the scanning @Q direction.

C. Experimental setup of XAS

The XAS experiment at the Yb Ly edge was performed
at BLOIB1 of SPring-8. The beam lines were composed of
a double-crystal monochromator equipped with a Si(1 1 1)
crystal and a Si mirror for eliminating the higher harmonics
[22]. The XAS spectra were taken as the transmission ratio
of x rays in the polycrystalline powder YbPd sample. The
energy resolution was about 1 eV around the Yb Ly edge.
The incident photon energy was calibrated by Yb Lyj-edge
XAS spectrum of Yb,03 at 300 K.

III. EXPERIMENTAL RESULTS

A. IXS spectra in I'-X(L) with high-Q resolution

IXS spectra along the I'-X and I'-M directions were re-
ported previously [16]. The spectra in both the transverse
I'-X [I"-X(T)] and I'-M [T"-M(T)] directions consist of only an
acoustic excitation whose energy propagates with increasing
momentum transfer. In a CsCl-type structure, only an acoustic
mode, whose energy increases monotonically with increasing
momentum transfer in a reduced Brillouin zone, is expected
around relatively strong reflections in high-symmetry direc-
tions. In this sense, the spectra in the longitudinal I'-M
[T-M(L)] direction are expected to consist of more than
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FIG. 1. (a) Brillouin zone of a CsCl-type structure isostructural
with YbPd. (b) IXS spectra of YbPd taken with high-resolution setup
along the I'-X(L) direction at 300 K. Open circles depict experi-
mental data. Dashed curves depict contributions of the longitudinal
acoustic modes.

one mode near the I' point. In addition, the excitation peak
suddenly broadens near the X(L) point. Simultaneously, the
excitation energy also suddenly decreases near the X(L) point.
This was interpreted as the softening of the acoustic mode
along the I'-X(L) direction. Compared with the well-known
phonon dispersion relations in CDW compounds, the disper-

sion relation observed in the I'-X(L) direction is anomalous.
While a phonon mode exhibits a minimum around a certain
reciprocal point in typical CDW compounds, where a super-
lattice reflection is found below their transition temperature
[17,18], the momentum transfer dependence of the IXS spec-
trum along the I'-X(L) direction indicates the presence of a
nearly flat dispersion around the X(L) point.

Figure 1 shows the ¢ dependence of the IXS spectrum
in the I'-X(L) direction of YbPd obtained from a single-
crystalline sample, where the measurements were carried out
with Q resolutions higher than those in a previous work [16].
The measurements in the present work were performed with
a high-resolution setup, whereas those in the previous work
were performed with a normal setup. The results obtained
in the present work agree with those in the previous work
[16]. This indicates that the softened acoustic mode and its
broadened linewidth at the X(L) point are independent of
the sample. Figure 2 also demonstrates the reproducibility
of the phonon dispersion relation regardless of the Q res-
olution. The observation of the broadened spectra is also
independent of the Q resolution. Since the broadening of the
spectral linewidth is independent of the Q resolutions in the
IXS measurements with higher Q resolution, this broaden-
ing is not caused by the phonon dispersion relation, which
is sometimes observed in the measurement of spectra along
steep dispersions such as acoustic modes because an effect
of the slope in the phonon branch against momentum transfer
includes observed linewidth of a phonon excitation at a certain
Q position on the branch, but by spectral broadening unrelated
to the experimental setup. In addition, since cell doubling due
to valence ordering was reported previously [13,15], the soft-
ening of the acoustic mode is related to structural instability
owing to valence ordering in YbPd. As mentioned above, both
a plateau in the dispersion relation and broadened spectra are
observed around the X(L) point. This indicates a correlation
between the linewidth of the spectrum and its dispersion
relation.

YbPd at 300 K

20¢ - - - S

S 15F :
[P] N i
g .
> 10.‘ ]
en L i
S T :
m St ]
0f - - - - -

0.0 0.5

(4+£00)

FIG. 2. Phonon dispersion relation of YbPd taken in the Bril-
louin zone of (44+£ 0 0) at 300 K. Closed circles (open squares)
depict the data taken with the high-resolution (normal) setup. Solid
curves are guides to the eye.
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FIG. 3. IXS spectra of YbPd at 300 K taken with the normal setup along the (a) X(L)-R and (b) X(L)-M directions. Open circles depict
experimental data. Dashed curves depict the contribution of the lowest modes in each direction.

B. IXS spectra in X(L)-R and X(L)-M directions

IXS spectra along the X(L)-R and X(L)-M directions are
shown in Fig. 3. All the spectra were measured with the
Q resolution in the normal setup of AQ = (0.050.030.04)
(r. 1. u.). The spectra in the low-energy region consist of a
broad quasielastic peak and a low-lying mode, depicted by
dotted curves in Fig. 3, in both directions. The linewidth of the
low-lying mode is much broader than those of the other opti-
cal modes. The low-lying contribution merges with a higher
optical mode towards the R and M points. Simultaneously, the
linewidth of the low-lying mode becomes increasingly narrow
towards the R and M points. A quasielastic contribution is also
clearly observed at the R and M points, to which assigning
a mode based on the reported calculation is difficult [20].
Unknown low-lying contributions are also observed in the
X(L)-R and X(L)-M directions as shown in Fig. 3. Since the
reported Raman-scattering experiments imply the absence of a
reduced structural symmetry from the CsCl-type crystal struc-
ture of YbPd, the observed low-lying contribution probably
originated from quasielastic contributions based on electronic
scattering [12].

The low-lying modes except for the quasielastic contri-
butions are in principle related to the lattice instabilities in
YbPd. In the X(L)-R direction, the low-lying mode exhibits a
minimum around Q = (4.50.050.05) as shown in Fig. 3(a).
The minimum phonon energy at this Q position demonstrates
the lattice instability related to the incommensurate struc-
tural transition [15]. Moreover, in the X(L)-M direction, the
linewidth of the low-lying mode becomes narrower where the

low-lying mode merges with the higher optical mode, which
is similar to the low-lying mode in the X(L)-R direction, as
shown in Fig. 3(b). The phonon energy does not exhibit a
minimum between the X(L) and M points but gradually in-
creases from the X(L) point to the M point, since this direction
is independent of the successive structural transitions reported
previously [13,15].

C. Phonon dispersion relation at 300 K

Phonon dispersion relations of R-X-I"-M-X at 300 K are
shown in Fig. 4. Most of the branches are found in YbPd.
Some branches in the I'-M and X-R directions are missing
in the present work despite measuring the IXS spectra in
various Brillouin zones. The LA mode in the I'-X(L) direc-
tion is softened towards the X(L) point. Although the cell
doubling observed in diffraction experiments indicates a dis-
persion relation in typical CDW transitions [13,15,17,18], the
nearly flat dispersion relation observed in YbPd differs from
the dispersion relations in typical CDW compounds. In ad-
dition, low-lying branches are found around the X(L) point.
Although the quasielastic contribution mentioned above is ex-
cluded from the dispersion relation shown in Fig. 4, low-lying
modes are observed at about 3 meV around the X(L) point.
Such a nearly flat dispersion relation near the X point in the
X(L)-R direction implies the competition between the instabil-
ities related to the successive commensurate-incommensurate
structural transitions [15]. Such nearly flat dispersions near
the X(L) position are also observed in the I'-X(L) and X(L)-
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FIG. 4. Phonon dispersion relations of YbPd at 300 K. Open circles are data points obtained by IXS. Solid curves are guides to the eye.
Dashed curves are the calculated results reported in Ref. [20].

M directions. This is also unexpected for CDW compounds branches, which are denoted as dotted curves in Figs. 1 and
[17,18] but agrees with theoretical findings [20]. 3, in the I'-X(L), X(L)-R, and X(L)-M directions at 300 K.
Line broadening due to the Q-resolution effect was not con-
sidered in these plots. These plots also exclude quasielastic
contributions, and clearly demonstrate that the linewidth is
extremely broad at the X(L) point. The observed linewidth is

Figure 5 shows the momentum transfer dependence of  nearly independent of the phonon excitation energy. In the I'"-
the phonon excitation energy and linewidth of the low-lying X(L), X(L)-M, and X(L)-R directions, the observed linewidth

D. Phonon excitation energy and linewidth in the I'-X(L),
X(L)-R and X(L)-M directions at 300 K

YbPd at 300 K
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FIG. 5. Phonon dispersion relations (upper panel) and excitation linewidths (lower panel) in various directions around (4.5 0 0) at 300 K.
Solid curves are guides to the eye.
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FIG. 6. Temperature dependence of the IXS spectra of YbPd at
the X(L) point of (4.50 0.00 0.00). The gray regions correspond to
the elastic contribution at each temperature.

rapidly decreases away from the X(L) point. The linewidth
is nearly equal to that at O = (4.50.050.05), corresponding
to the Q position where the superlattice reflection due to the
incommensurate transition is observed. Slight broadening is
found in the middle of the branches in the X(L)-M and X(L)-R
directions. This is probably caused by the line broadening
due to a slope effect related to the effect of the Q resolution.
In most cases, the line broadening in phonon excitations is
related to the lifetime of phonons. In fact, a valence-lattice
interaction has been predicted theoretically [20]. The results
in the present work demonstrate that the observed line broad-
ening provides supporting evidence for the presence of the
valence-lattice interaction predicted previously. It also implies
that the observed lattice instabilities correlate with Yb valence
fluctuation.

E. Temperature dependence of IXS spectra at the X(L) point

IXS spectra measured at Q = (4.50.00.0) exhibit temper-
ature dependence as shown in Fig. 6. The gray component
shown in Fig. 6 originates from the softened longitudinal
acoustic excitation. This behaves similarly to a quasielas-
tic excitation, whose linewidth decreases with decreasing
temperature toward 7;. The temperature dependence of the
linewidth is shown in Fig. 7. The linewidth approaches the
resolution of the Si(11 11 11) optics at BL35XU of SPring-8.
Given that YbPd is a CDW compound, such temperature de-
pendence of the linewidth as well as a flat branch in a wide-Q

FT T T T T T
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FIG. 7. Temperature dependence of the quasielastic linewidth at
the X(L) point of (4.50 0.00 0.00).

region near the X(L) point in the dispersion relation is rare for
conventional CDW compounds.

F. Yb Ljj;-edge x-ray absorption spectroscopy

The x-ray absorption spectrum of YbPd at 300 K is shown
in Fig. 8. This spectrum consists of two components cor-
responding to divalent and trivalent states of Yb ions. This
agrees with the results reported previously [2]. The average
valence states estimated from the x-ray absorption spectrum
are set as the intensity ratios between Yb** and Yb’* com-
ponents in Yb Ly-edge XAS. Temperature dependence of the
x-ray absorption spectrum was investigated to elucidate the
temperature dependence of the average Yb valence state in
YbPd. The intensity ratio between the Yb** and Yb** compo-
nents in the x-ray absorption spectra exhibits the temperature
dependence. Meanwhile the impurities of YbH, and Yb,0O3
were included in the polycrystalline powder YbPd sample.
Since the Yb valence state in YbH, (Yb,03) is divalent (triva-
lent) and independent of temperature, average Yb valence
state obtained from the spectra was corrected by

Voro: = Yobs — (2 X Ryvo+ +3 X Ryuz+) )
Yord I — Rypo+ — Ryv3+ ’

where Vyppq is estimated Yb valence in YbPd, Vg, is average
Yb valence estimated from the observed x-ray absorption
spectra, and Ryp4(Ryp34) is the ratio of the Yb**(Yb’')

YbPd
207171
2 ¥ 300 K -
= 1.5k 7
5 ]
g 10 :_ ) lrm((M((m4((((..............‘..
7R T
< 05¢ Yb E
0.0% ]
8.95 9.00
Energy (keV)

FIG. 8. Yb Ly-edge x-ray absorption spectrum of YbPd at 300 K.
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FIG. 9. Temperature dependence of average Yb valence in YbPd
estimated from the Yb Ly-edge x-ray absorption spectra.

impurity phase in the sample estimated from the x-ray-
diffraction pattern at 300 K. Temperature dependence of the
average Yb valence state estimated from XAS spectroscopy is
shown in Fig. 9. The average Yb valence gradually changes
from 2.85 £ 0.01 to 2.76 & 0.01 with decreasing temperature.
The change observed in the present work demonstrates that
hybridization between Yb-4 f and Pd-4d electrons strengthens
with decreasing temperature.

IV. DISCUSSION

A. Lattice instability related to successive transitions

The phonon dispersion relations demonstrate the softening
of the branches along the I'-X(L) and X(L)-R directions as
shown in Fig. 5. The former is related to the commensurate
structural transition whose superlattice reflection is observed
at the X point of (0.5 0 0). The latter is related to the incom-
mensurate structural transition whose superlattice reflection
is observed at ¢ = (0.50.050.05). In addition, the phonon
excitation energy around ¢ = (0.50.050.05) is lower than
that at the X point. This means that the lattice instability near
q = (0.50.050.05), corresponding to the superlattice position
of the incommensurate structural transition, is higher than that
at the X point. In fact, the temperature of the incommensurate
structural transition is higher than that of the commensu-
rate structural transition [15]. The present results demonstrate
that the two successive transitions observed in the previous
diffraction experiment [15] are both caused by the lattice
instabilities.

The results obtained in the present work clearly indicate
correlations between the lattice instabilities around the X(L)
point and successive transitions in YbPd, but the nearly flat
dispersion relation in the I'-X(L) direction is anomalous from
the viewpoint of conventional CDW compounds. There are
several reasons for observing such a flat dispersion relation

around X(L) points. One is the competition between instabil-
ities accompanied by the commensurate and incommensurate
structural transitions. Another is the effect accompanying by
the valence-lattice interaction as was discussed in Ref. [20].
The other is based on instrumentation differences between
IXS and INS. The two former cases will be discussed in
later sections. Here, the possible effects of instrumentation
differences are considered. Although both IXS and INS are
techniques to investigate the phonon dispersion relations of
materials as a dynamical structure factor, the relationship be-
tween momentum and energy transfer is completely different
between these techniques. The relationship between energy
and momentum transfer in IXS is given as

Q = 2k;sin6, 2)

whereas that in INS is

hz
AE = m—(zkf -0)-0 (3)

for neutrons, where AE, Q, ky, and m, represent the energy
transfer, the momentum transfer, the momentum of an x ray,
or neutron after scattering and the mass of a neutron, re-
spectively. These equations mean that momentum transfer is
decoupled (coupled) with energy transfer in x-rays (neutrons)
in the scattering process. Equations (2) and (3) imply that dif-
ferent dynamical structure factors are observed between XS
and INS. However, the insensitivity of the obtained phonon
dispersion relations to the @ resolution in the present work
demonstrates that the results obtained in the present work
are not also caused by an instrumental difference between
IXS and INS. In fact, although a few investigations of the
lattice dynamics observed in CDW compounds by performing
both IXS and INS experiments have been reported, the lattice
dynamics in «-U is one of the cases in the CDW compounds
[23,24]. The results obtained by both IXS and INS are in
agreement with the «-U case, although the momentum and
energy resolutions are different between IXS and INS exper-
iments. In the present case, we carried out a series of IXS
experiments on the same sample with different momentum
resolutions instead of using different techniques such as IXS
and INS, and the results obtained with different momentum
resolutions were identical. This means that the results ob-
tained in the present work are unrelated to instrument effects
causing a difference between IXS and INS in typical CDW
compounds.

B. Correlations between line broadening of low-lying modes
and lattice instabilities

We successfully found low-lying branches in the I'-X, X-R,
and X-M directions of YbPd as shown in Fig. 4. The low-
est branch in the I'-X(L)-R direction indicates competition
between lattice instabilities accompanying by the commensu-
rate and incommensurate structural transitions. Both softened
excitation and its line broadening were observed simultane-
ously at the Q positions, where observation of superlattice
reflections in the I'-X(L)-R direction was expected such as
g = (0.500.000.00) and (0.50 0.05 0.05), as shown in Fig. 5.
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It was found by calculation reported in Ref. [20] that another
softened branch exists in the X-M direction. This branch ex-
hibits a minimum at ¢ = (0.500.10 0.00), which is similar to
that in the X(L)-R direction. This also agrees with the calcu-
lation reported in Ref. [20]. However, no line broadening was
observed at ¢ = (0.500.100.00), unlike that in the I'-X(L)-R
direction, because the linewidth rapidly decreases from the
X(L) and R points. If the line broadening of all the phonon
branches observed in YbPd is caused by the valence-lattice
interaction, the results shown in Figs. 5 and 6 demonstrate that
the lattice instabilities in YbPd are assisted by the valence-
lattice interaction suggested by the calculation, which was not
considered in the calculation [20].

In addition, the IXS spectra obtained in the I'-M-X direc-
tion are difficult to fit only with allowed phonon excitations in
a CsCl-type structure because of a kind of broad background
near the elastic peak as reported previously [16]. The total
number of phonon branches is in principle determined by the
crystal structure. YbPd has six allowed phonon branches at
300 K because it is a CsCl-type crystal structure. To suf-
ficiently fit the spectra reported previously [16], additional
broad and low-lying excitations are required as shown in
Fig. 4. The contribution of additional low-lying and broad
excitations around 3 meV is required to fit the IXS spectra
in the ['-X-M direction. The linewidth of these excitations is
much broader than the resolution determined by the Si(11
11 11) setup at BL35XU of SPring-8. Such an effect was
not expected in the calculation [20]. This effect is possi-
bly caused by another valence-lattice interaction and/or Yb
valence fluctuation because incident x rays directly interact
with electrons in x-ray scattering processes. In addition, since
the reported results of Raman scattering support the absence
of symmetry breaking from a CsCl-type structure [12], the
additional components observed in the I'-X-M directions do
not infer intrinsic phonon excitation but quasielastic scatter-
ing possibly involving electronic scattering such as valence
fluctuation.

Moreover, hybridization between the Yb-4f and Pd-4d
electrons, which was suggested by the results of point-contact
spectroscopy [25], was not considered in the calculation in
Ref. [20]. This is supported by the temperature dependence
of the average Yb valence state as shown in Fig. 9, implying
hybridization between 4f and conduction electrons and its
temperature dependence. The role of hybridization between
rare-earth 4f and Pd-4d electrons in the valence fluctuation
of rare-earth atoms was discussed previously for EusPd,(Geg
[26]. The discrepancy between the experimental results in the
present work and the calculated results such as the broad and
low-lying excitations in the I"-X-M direction might have been
caused by the absence of hybridization between Yb-4f and
Pd-4d electrons. According to the calculation in Ref. [20], the
interatomic interaction between nearest-neighbor Yb atoms
is stable, regardless of whether the Yb valence state is pure
Yb?* or Yb**, but that between nearest-neighbor Pd atoms is
unstable. In this sense, the observation of the valence-lattice
interaction as broadened IXS spectra is crucial for discussing
the instability at the X point in YbPd. Concerning the in-
teratomic interactions among the Pd atoms, the interactions
between the second-nearest-neighbor Pd atoms as well as
those between the nearest-neighbor Pd atoms are unstable.

This might be related to the instability corresponding to the
minimum observed in the X(L)-R direction, but this is diffi-
cult to conclude because the valence-lattice interaction was
considered to occur only along the [1 0 O] direction. Con-
sidering the temperature dependence of the Yb valence state
shown in Fig. 9, the hybridization between Yb-4 f and Pd-4d
electrons, which was excluded in the calculation reported in
Ref. [20], may affect such instabilities around the X(L) point
in YbPd.

C. Quasielastic contribution around the X(L) points

The quasielastic contribution in YbPd was discussed in
a previous INS experimental study [19]. This temperature
dependence is anomalous, because the magnetic quasielastic
contribution remains at a very high temperature. The present
work provides insight to understand such an anomalous
quasielastic contribution in YbPd. In the previous INS work
[19], the experiment was performed with a polycrystalline
sample. This means that the experimental results correspond
to the generalized DOS based on the differences in the INS
spectra between YbPd and LuPd. According to the exper-
imental results obtained in the present work, a significant
low-lying contribution due to phonon excitations was found
around the X(L) point and in the X(L)-R and I'-M-X direc-
tions. Since LuPd exhibits no structural transitions [19], no
structural instabilities are expected. Therefore, a difference
in phonon DOS between YbPd and LuPd can be expected.
If the low-lying excitations in the I'-M-X direction are an
electronic contribution, this is difficult to observe in INS ex-
periments. However, the phonon dispersion relation shown in
Fig. 5 indicates a large low-energy contribution originating
from low-lying phonon excitations. In addition, the temper-
ature dependence of the IXS spectrum at the X(L) point as
shown in Fig. 6 also supports the existence of a low-lying
phonon contribution even at high temperatures, which may be
observed as quasielastic contributions even in the difference
of the INS spectra between YbPd and LuPd. Unlike magnon
excitations, the observation of low-energy phonon excita-
tions as a quasielastic contribution in YbPd is not anomalous
and is a plausible interpretation to understand the reported
quasielastic excitation at high temperatures, at least above
T}, corresponding to the temperature for the incommensurate
structural transition.

The temperature dependence of the IXS spectra at the
X(L) point is important for discussing relationships between
the IXS spectra and the valence fluctuation. The Yb valence
state rapidly changes near the successive structural transition
temperatures as shown in Fig. 9. The temperature dependence
of the elastic linewidth also decreases rapidly with decreasing
temperature towards the incommensurate structural transition
temperature. Since the linewidth of phonon excitations includ-
ing quasielastic excitations is proportional to the inverse of the
phonon lifetime, the temperature dependence might correlate
with the fluctuating Yb valence state. Since the temperature
dependence of the IXS spectra at the X(L) point differs from
that of conventional CDW compounds as discussed above, one
possible interpretation of the quasielastic excitation observed
around the X(L) point is the coupling between the phonon
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excitation and the Yb valence fluctuation based on the hy-
bridization between Yb-4 f and Pd-4d electrons in YbPd.

V. SUMMARY

Anomalous phonon dispersion relations and spectra were
found in YbPd by IXS measurements. The former are related
to the successive transitions observed in x-ray diffraction ex-
periments. The dispersion relation along the I'-X(L) direction
differs from those observed in typical CDW compounds. The
instability at the X(L) point corresponds to the commensu-
rate structural transition. The instability along the X(L)-R
direction predicted by ab initio calculation was found in
the present work. This corresponds to the incommensurate
structural transition. The broadened spectra around the X(L)
point are in good agreement with the calculated results,
but unexpected quasielastic contributions not predicted by
the calculation were also observed in some directions. The

temperature dependence of the Yb valence state investigated
by XAS measurements correlates with that of the quasielastic
linewidth investigated by IXS measurements.
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