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Phonon dispersion curves of bcc Ba
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Large single crystals of bcc Ba were grown and were used to study the lattice dynamics of this di-
valent metal by inelastic neutron scattering. The phonon dispersion curves were measured, at room
temperature, along the [(00], [g'0], and [gg] symmetry directions. Along the [$00] symmetry
direction, the frequencies of the longitudinal dispersion curve were found to be lower than those of
the transverse branch, a surprising result in view of the relatively simple electronic structure of this
metal. This anomalous feature of the dispersion curves was attributed to the hybridization of the
free-election-like states with the d bands, which in this metal are only slightly above the Fermi level.

To provide support for this interpretation, the frequencies of the longitudinal and transverse
branches along the [$00] direction were evaluated at the middle of the zone (g= T) with use of first-

principles frozen-phonon techniques. The results of these calculations are in good agreement with
the experimental data and, in addition, clearly demonstrate that the observed anomaly is sensitive to
the position of the d bands relative to the Fermi level. The data were used to evaluate the elastic
constants, the phonon density of states, and the lattice specific heat of Ba.

I. INTRODUCTION

The alkaline-earth metals Ca, Sr, and Ba are divalent,
and exhibit quite similar physical properties. The general
features of the electronic structure of these metals are in-
termediate between those of the simple and transition
metals. In fact, band theoretical calculations' have es-
tablished that, below the Fermi level EI;, the electronic
bands are practically free-electron-like. The electronic
wave functions at EF contain, however, a substantial ad-
mixture of d character arising from hybridization with
the d bands, which in these metals are only slightly above
the Fermi level. As a result, the structure and physical
properties of these metals were found" to be quite sensitive
to the d-occupation number.

Investigations from first principles of the lattice
dynamics of these metals, in particular of how the hybrid-
ization of the free-electron-like states with the d states af-
fects the dispersion curves, are not presently available.
Because of the simplicity of their electronic structure it is
reasonable to assume, however, that the general features
of their dispersion curves are quite similar to those of
simple metals. This motivated several studies of their
phonon dispersion curves within the framework of the
pseudopotential theory of metals. Clearly, comparison of

, these calculations with detailed measurements could pro-
vide information about the effect of the occupation of the
d bands on the dispersion curves. Until recently, howev-
er, such detailed experimental data were not available.
This was due to the difficulty of growing single crystals
of sufficient size for a systematic study of the dispersion
curves and elastic constants. Quite recently, we were able
to grow large single crystals of Ca and Ba, which were
used to study the phonon dispersion curves of these met-
als by inelastic neutron scattering. The experimental re-
sults for fcc Ca were reported in a previous communica-

tion. In this paper we present the results obtained in our
study of the dispersion curves of Ba.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of high purity Ba were encapsu-
lated, under He, in thin-wall tantalum crucibles. The ma-
jor impurity in Ba (as well as in Ca) is hydrogen. To
reduce the amount of hydrogen, the encapsulated samples,
kept at 950 C, were pumped for several weeks in a high
vacuum system (at this temperature hydrogen diffuses
readily through tantalum). From the rate of evolution of
the hydrogen in the system (and the initial hydrogen con-
centration) it was estimated that the samples contained
approximately 0.3 at. % of hydrogen or less.

The crystals were grown in a high vacuum furnace po-
sitioned on the sample goniometer of a conventional
double-axis diffractometer. With this experimental ar-
rangement, various techniques for growing the crystals
can be attempted, and their success can be immediately
assessed by standard neutron-diffraction techniques.

Large single crystals of Ba were grown by cooling slow-
ly below the melting point of approximately 725 C. At
high temperatures the measured full width at half max-
imum (FWHM) of the rocking curves was approximately
15 min of arc, and remained constant between the melting
point and approximately 350 C. Below 350 C, quite in-
dependently of the cooling rate, we observed a significant
increase in the FWHM of the rocking curves. This
broadening of the mosaic spread may be due either to
strains arising from the difference in the expansion coeffi-
cients of the Ta crucible and Ba, or the precipitation of a
hydride phase formed with the hydrogen impurities. The
highest quality crystals that we were able to obtain had, at
room temperature, a mosaic spread of approximately 1 .
Three of these crystals were used in the experiments.
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Most measurements were performed using triple-axis
spectrometers at the High Flux Isotope Reactor (HFIR)
and the Oak Ridge Research Reactor (ORR) of the Oak
Ridge National Laboratory. En addition, some data were
taken using a triple-axis spectrometer at the High Flux
Beam Reactor (HFBR) of the Brookhaven National Labo-
ratory. All data were collected using the constant-Q
method (where Q is the neutron scattering vector), and
constant scattered (or incident) neutron energy of 3.3 or
3.6 THz. A pyrolytic graphite filter was placed in the
scattered (or incident) beam to attenuate higher-order con-
taminations. Pyrolytic graphite or beryllium was used as
monochromator and pyrolytic graphite as analyzer; both
monochromator and analyzer were set to reflect from the
(002) planes. The frequencies of a selected number of
phonons were measured on all three crystals and were
found to agree within experimental precision.

Along the [f00] direction the frequencies of the longi-
tudinal branch, for g' between approximately 0.2 and 0.8,
were found to be lower than those of the transverse
branch. Some typical neutron groups obtained in this
direction are shown in Figs. 1 and 2. This unusual aspect
of the dispersion curves was verified by measuring the
[$00] branches on each of the three crystals used in the
experiments. For each of the crystals, these branches were
obtained by measurements in the (110)as well as the (100)
scattering plane. The frequencies of both branches in the
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FIG. 2. Typical neutron groups obtained by scans along
[$00]. The measurements were performed in the (100) scatter-
ing plane. MN=1000 corresponds to a counting time of ap-
proximately 30 min.
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region of interest (0.2~/ &0.8) were also checked by re-
peating the measurements with various instrumental reso-
lutions and experimental configurations.

III. EXPERIMENTAL RESULTS
AND DISCUSSIONS
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The phonon dispersion curves were measured, at room
temperature, along the [$00], [g0], and [gg] symmetry
directions. The measured phonon frequencies are listed in
Table l and the room-temperature dispersion curves are
plotted in Fig. 3. The general features of the dispersion

—Q( I,1,2.2 )

L [$00], MN= 1000
0

—Q {0,0,3.6)
L tgool
IVII=1600

2.0

I I I l

700—

500—

300 00 '

0 0
500—

400—

00 oo

oo

0

ooo

t4

(I—

LLI

(3
CI- I 0

0

O. l 0.3 0.5 0.7 0.9 1.1 0.5 0.7 0.9 1.1 1.3 1.5 1.7
FREQUENCY (THz)

FIG. I. Typical neutron groups obtained by scans along

[$00]. The measurements were performed in the (110) scatter-

ing plane. MN = 1000 corresponds to a counting time per point
of approximately 14 min.
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FIG. 3. Experimental dispersion curves of bcc Ba. The solid
lines were obtained by fitting the data to a seven-nearest-

neighbor force-constant model.
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curves are in reasonable agreement with those obtained
by Buchenau et al. from Born —von Karman force con-
stants, which were determined from the neutron time-of-
flight spectrum of a polycrystalline sample. In these ex-
periments, however, the longitudinal and transverse
branches along the [$00] direction were found to be de-
generate.

The frequencies of the longitudinal and transverse
branches along the f/00] direction were determined, on
each of the three crystals, using a variety of experimental
configurations (see Sec. II). The frequencies obtained, for
each mode, were found to agree within the precision of
the measurements, and their average was adopted; the re-
sults are shown in Fig. 4. It can be seen (Fig. 4) that for g
between approximately 0.2 and 0.8 the frequencies of the
longitudinal branch are lower than those of the transverse.
Measurements at 600'C showed that this unusual feature
of the dispersion curves remains practically unchanged at
high temperatures. Measurements at 660'C on the high-
temperature bcc phase of Sr (whose d bands are higher
relative to EF than those of Ba) showed, on the other
hand, that in this metal the frequencies of the L[$00] are
slightly above those of the transverse branch. These ex-
perimental observations suggest that the anomalous
behavior of the dispersion curves along the [$00] direc-
tion of Ba may be due to the occupation of the d states.

Several calculations " of the dispersion curves of Ba
have been performed within the framework of the pseudo-
potential theory of metals. The phonon frequencies calcu-
lated by Animalu and Sharma, ' using local pseudopo-
tentials, are substantially higher than the measured values
(at the point N by almost a factor of 2). Furthermore, in
both of these studies ' the frequencies of the L[$00]
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TABLE I. Measured phonon frequencies (THz) of bcc Ba.
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FICi. 4. Phonon dispersion curves of bcc Ba along the [$00]
symmetry direction. The square symbols at g'=

2 are the fre-

quencies obtained by first-principles frozen-phonon calculations
{see text).
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TABLE I. (Continued).
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TABLE II. Atomic force constants and elastic constants ob-

tained by fitting the data to a seventh-nearest-neighbor model.

Atomic force constants
(dyn/cm}

Elastic constants
(10' dyn/cm )

dispersion curve were found to be higher than those of the
transverse branch. More recently, Moriarty" calculated
the zone boundary frequencies along some high-symmetry
directions, using a generalized pseudopotential approach
which incorporates the effect of hybridization of the free-
electron-like states with the d states. The phonon fre-
quencies calculated by Moriarty" are in relatively better
agreement with the experiment than those obtained by
Animalu and Sharma the calculated frequencies are,
however, stH1 higher than the experimental values (with a
maximum deviation of approximately 40% at the X
point). We conclude that pseudopotential calculations,
which were so successful for the simple metals, cannot
provide, at the present time, an adequate description of
the lattice dynamics of Ba.
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FIG. 5. Room-temperature phonon density of states g (v) of
bcc Ba, evaluated using the force constants listed in Table II.
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To assess whether the anomalous features of the disper-
sion curves of Ba are due to the occupation of the d
bands, we carried out first-principles frozen-phonon calcu-
lations' for both modes with wave vector q=(0,0, —, ). In
these calculations we used norm-conserving pseudopoten-
tials' determined from atomic calculations. In a frozen-
phonon calculation, the lattice is subjected to a static dis-
tortion corresponding to a particular mode and the total
energy of the crystal as a function of displacement is ob-
tained from first-principles self-consistent band-structure
calculations in the local-density-functional formalism. ' '
The phonon frequency of the mode is then determined
from the curvature of the energy-displaceinent curve.
Our calculated values for the bulk properties of Ba
(cohesive energy, lattice constant, and bulk modulus) were
found to be in good agreement with those determined ex-
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FICs. 6. Temperature dependence of the effective Debye tem-
perature of bcc Ba, evaluated using the room-temperature pho-
non density of states plotted in Fig. 5.
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perimentally. For the longitudinal and transverse modes
with q= (0,0, —,

'
) we obtained frequencies of 1.38 and 1.55

THz, respectively. These values are in quite good agree-
ment with the experimental observations (Fig. 4). To as-
sess the effects of the d electrons, the calculations were re-
peated with the d bands removed from the vicinity of the
Fermi level; this was realized by adjusting the angular-
momentum dependent pseudopotential so that it is more
repulsive for the d-wave functions. With these conditions
we obtained frequencies of 2.5 and 2.0 THz for the longi-
tudinal and transverse modes, respectively. Therefore, by
decreasing the occupation of ihe d bands both frequencies
increase and the normal relative ordering of the branches
is restored. In addition, the calculations show that the rel-
ative softening of the L[(00] dispersion curve in Ba is re-
lated to the coupling of this branch to the s dcha-rge fluc-
tuations. A complete account of these calculations will be
presented elsewhere.

To evaluate the elastic constants and lattice specific
heat we analyzed the data by conventional Born —von
Karman force-constant models. It can be seen (Fig. 1)
that, for this purpose, a seven-nearest-neighbor force-
constant model is adequate. The force and elastic con-
stants obtained by fitting the data to this model are listed
in Table II. No single-crystal measurements of the elastic
constants of bcc Ba are presently available for comparison

with the results of the present analysis. The values for
C» and C44 obtained in the present analysis are, however,
in reasonable agreement with those obtained by measure-
ments on polycrystalline samples; our value for
—,'(C~& —C~z), on the other hand, is almost two times
larger than that reported by Buchenau et al.

Using the force constants listed in Table II, we evaluat-
ed the phonon density of states g(v) (Fig. 5) by the
method of Gilat and Raubenheimer. ' The lattice specific
heat, expressed in terms of an effective Debye temperature
OD(T), was evaluated (Fig. 6) by assuming that the pho-
non density of states is independent of temperature. The
0-K Debye temperature (103.1) obtained in the present
analysis is in good agreement with the value (110.5) ob-
tained from low-temperature specific-heat measure-
ments.
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