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Recent neutron scattering studies of the phonon dispersion relations of a-Ce and CeP13 have
revealed a mode splitting in the (100) LA branch around the spin-fluctuation temperature. It is
shown that this behavior could be caused by the mixing of LA phonons with excitonlike entities
formed by localized f holes and broad-band electrons.

Since hydrostatic pressure induces drastic changes in
the properties of Ce and some intermetallic compounds of
Ce, Sm, and Yb, it is expected that acoustic phonons
should interact strongly with the f-shell electrons on the
rare-earth ions. A considerable amount of experimental
and theoretical effort has been spent to elucidate this in-
teraction in the past decade. ' It has been found that
acoustic phonons in these so-called mixed-valence materi-
als are softened and their linewidths are broadened, due to
charge fluctuations in a narrow band of hybridized f and
conduction electrons. Recently, a new and puzzling
phenomenon has been observed independently by two
groups. In a preliminary study of a-Ce Stassis and co-
workers have found that the acoustic-phonon mode in the
(100) direction splits in the middle of the Brillouin zone
as if it were mixed with an invisible mode at a frequency
of 2 THz or an energy of 8.3 meV. ' The experiment was
done at 90 K, and the result has not been published pend-
ing further measurements over a range of temperature. In
the meantime, Severing et al. have reported a similar
finding in CePd3. ' At temperatures below the spin-
fluctuation temperature (—140 K) of this material, the
LA phonons are softened, as was seen in SmS systems. '

At 200-300 K the (100) mode splits near the zone bound-
ary in the same manner as seen in a-Ce, and the invisible
mode has an energy around 10 meV. We suggest that the
mode splitting signals new physics not contained in the
previous theoretical treatments, and we oA'er an explana-
tion in this paper.

Generally speaking the physical properties of mixed-
valence and heavy-electron systems differ significantly de-
pending on whether the temperature is above or below a
characteristic temperature, commonly called spin-fluc-
tuation temperature Tf. ' Below Tf the f electrons, about
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one per rare-earth site in Ce systems, are in bandlike
states and behave like a Fermi liquid with high effective
mass. Above Tf the f electrons are localized and provide
rapidly fluctuating local moments. The transition may be
continuous, as in CePd3, or may be accompanied by an
abrupt volume change, as in Ce. The physics of the tran-
sition is not entirely clear, but it is generally agreed that
Tf measures the effective position of the f level from the
Fermi energy. ' This amount of basic information is
sufficient for the discussion of LA phonon anomaly.

As in previous theoretical works we use the same Ham-
iltonian for the interaction between the electron systems
and LA phonons, i.e., that the phonons promote electrons
from the f shell to the d band and vice versa. The interac-
tion Hamiltonian is written as
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where f; is the annihilation operator of an f electron on
site R; and d~ is that for a band electron in momentum
state k, aq, and aq~ are the LA phonon operators in
momentum state q, and N is the number of Ce sites in the
lattice. The form of the matrix element M(q) has been
calculated in detail in Refs. 5-9. The propagator D(q, ro)
for the LA phonon of momentum q satisfies the Dyson
equation

D '(q, r0) - (a)' —roq')/2coq —II(q, ro), (2)

where coq is the phonon frequency in absence of the d-f
charge-fluctuation interaction in Eq. (1), and II(q, ro) is
the phonon self-energy due to this interaction:
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~ ~(q) I pp e' '(Tf t(t)d&(t)dz (0)fj(0))dte

l,J k k'
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where T is the time ordering operator. In the Fermi-
liquid phase the quasiparticles are mixed d and f states in
a narrow, partially filled band. In previous theoretical
works the phonon self-energy is calculated in the band
representation, with the result that the real part of
II(q, co) gives a softening of the phonon energy and the
imaginary part gives a line broadening. There is good
agreement between theory and experiment in many sys-
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tems, such as SmS and Cepd3 at low temperatures. In
both cases the electron-phonon interaction is the strongest
for LA phonons in the (100) direction. 5 s'3

We now consider what happens above Tf when the f
electrons are localized. The promotion of an f electron
into the d band leaves behind a localized attractive
Coulomb potential to the band electrons. The latter
responds by forming a screening cloud around the f hole,
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and the dynamics of the screening process has been
thoroughly studied nearly two decades ago as the edge
singularity problem in the optical absorption of deep core
electrons. ' ' In the present situation the LA phonon
plays the role of the photon and the f electron, which is
more tightly bound than d electrons, plays the role of the
core electron. The importance of d-f Coulomb correla-
tion in mixed-valence and heavy-electron materials has
been emphasized by the present author. '

It has been shown in Refs. 15-17 that the phonon self-
energy II(q, co) at zero temperature is

rI(q, co) A (q) (co —coo) (4)

where c00 p —ef is the energy of the f level measured
from the Fermi level. The quantity sf contains all ap-
propriate renormalizations and is very close to the Fermi
energy. ' The spectrum has a power-law singularity
which arises from the sharp change of electron population
at the Fermi level, and the exponent a' 28/x —(6/x)
where h is the d-electron phase shift at the Fermi level
when scattered by the f-hole potential. We do not know
the precise value of a' except that it is bounded by 0 and

The factor A (q) contains the matrix-element square
and other d-band parameters. We call the entity formed
by the f hole and its screening cloud a pseudoexciton to
distinguish it from real excitons in semiconductors. It is
not a bound state, but it has the appearance of a mode
with energy coo because of the edge singularity. It leads
only a transient existence and evolves into a static screen-
ing cloud in the long-time limit.

Since we are interested in the phonon renormalization
at temperatures of the order of coo, we need to work out

r P
e "'(sin(xr/P)] 'dr, (5)

where P is the inverse temperature and x =co —coo. The
power-law singularity is broadened by excitations near the
Fermi level into a round peak whose width is measured by
the temperature. This result is put into Eq. (2) to calcu-
late the phonon line shape, which is the imaginary part of
D(q, co).

In Fig. 1 we show the evolution of the line shape over a
range of phonon energies around coo and at three tempera-
tures. All energies as well as temperature are measured in
units of coo, which is taken as the definition of Tf for our
purpose. No attempt is made to fit the phonon dispersion
curve or line shape of any material. Instead, we choose to
present the physics in its rudimentary form with a min-
imum number of parameters. We give the phonon an in-
trinsic linewidth I 0.1mo to simulate experimental reso-
lution and other scattering effects. A constant electron-
phonon matrix element is chosen to give a mode splitting
of 0.1o)0 at temperature equal to Tf and coq -coo. The ex-
ponent a' is taken as 0.7, and the results are not very sen-
sitive to a'. In cases where the mode is split, the peak with
lower energy is noticeably narrower. This behavior is in-
trinsic because a larger I would broaden both peaks by
the same amount. At higher temperatures the mode split-

the self-energy II(q, co) at finite temperatures by extend-
ing a calculation of the photoemission spectrum in Ref.
19. The result is
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FIG. 1. Line shapes of LA phonons in the energy and temperature range where mode splitting occurs. All energies as well as tem-
peratures are in units of coo, which is a measure of the spin-fluctuation temperature.
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ting becomes less discernable and eventually disappears
when the combined width of the phonon and the pseu-
doexciton far exceeds the size of the matrix element. Only
the asymmetry in line shape hints at the presence of some
unusual eA'ect.

In Fig. 2 we show the evolution of the peak position as
phonon energy and temperature vary. This is not a disper-
sion curve of the mixed mode because the horizonal axis is
the unnormalized phonon energy and not the momentum.
Nevertheless, it does not show qualitatively the shape of
the LA phonon disperison curve near the mode crossing
point. For temperatures between Tf and 2Tf the peak po-
sition is insensitive to temperature, but at higher tempera-
tures when the splitting disappears, the peak position fol-
lows an S-shaped curve very similar to the results of exist-
ing theories. Thus, unless one studies the right material in
the right temperature range with sufficiently high resolu-
tion, the mode splitting can be easily missed and one
would be led to conclude that existing theories are ade-
quate to explain the data.

The above theoretical predictions seem to be consistent
with experimental findings. Because the experiments were
not designed for the purpose of determining the phonon
line shape, it seems premature to attempt quantitative
comparison between theory and experiment. Careful
measurements in the interesting energy and temperature
range will be very helpful. Notice that our definition of
the spin fluctuation temperature puts Tf -96 K for a-Ce
and 120 K for Cepd3. For the latter material our value
for Tf is very close to the temperature of maximum resis-
tivity T,„140K.

One important ingredient is still missing in Eq. (5).
This concerns the f-level broadening, which is a necessary
consequence of the transition from band to local f
states. ' One must fold this level width into Eq. (5) be-
fore comparing theoretical with experimental linewidths
and line shapes. Since the level width is temperature
dependent, the predicted behavior shown in the figures is
only valid qualitatively.

The basic physical picture presented here, that mixed-
valence inaterials have an f level at approximately Tf
below the Fermi level, has been called to question lately. '

It has been shown by Bickers and co-workers that the
physical properties of Ce impurities can be explained as
manifestations of a spin-Auctuation resonance state, which
is a localized state above but very close to the Fermi level.
This model is the modern version of the Kondo anomaly,
and the extension of this theory to a lattice of f sites may
explain the anomalous properties of inixed-valence and
heavy-electron materials. Our theory of phonon anoma-
ly is not sensitive to the detail of the physical picture, be-
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FIG. 2. The evolution of peak position as a function of unnor-
malized phonon energy and temperature. It gives qualitatively
the shape of the LA phonon dispersion curve near where mode
splitting occurs. All frequencies in units of ~0.
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cause putting an electron in an empty local state also
creates a local screening cloud with the same dynamical
properties. Like the band picture, the spin-Auctuation res-
onance level has been shown to broaden with increasing
temperature. At the present state of theoretical devel-
opment it does not seem possible to distinguish between
the two models by studying the phonon anomaly.

Unlike real excitons, it is difficult to observe pseudoex-
citons by infrared absorption because the signal can be
easily obscured by the large Drude background. This
leaves the longitudinal acoustic phonon as the only
effective tool to probe its properties. Other possible mani-
festations of pseudoexciton effects remain to be investigat-
ed.
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