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Anomalous lattice dynamics of fcc lanthanum
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First-principles pseudopotential band-structure calculations were performed for fcc La and re-
vealed a small but sharp nesting feature of the Fermi surface. In order to investigate the relation-
ship between this nesting and possible phonon anomalies, the phonon-dispersion curves were calcu-
lated. Along the [gg] direction a sharp dip in the transverse branch was found at /=0. 42 in agree-
ment with recent low-temperature neutron scattering experiments. Calculations at 14% smaller
volume (corresponding to a pressure of 50 kbar} indicate that the frequencies of the phonons along
the transverse [gg] branch decrease with pressure because of the increased magnitude of the
electron-phonon matrix elements. This result helps to explain the unusual negative thermal expan-
sion, the dramatic increase of the superconducting transition temperature, and the observed
structural transition near 50 kbar.

INTRODUCTION

The unusual physical properties of La have drawn con-
siderable attention. Compared with the isoelectronic ele-
ments Y and Sc, which are not superconducting under
ambient pressure, La has a high superconducting transi-
tion temperature T, of 6.05 K and a comparatively low

Debye temperature. The rapid rise of T, with pressure
for La is the most dramatic among all the elements. '

These properties may be associated with low-lying phonon
modes and have led to speculations about the possible role
of unoccupied but low-lying 4f electronic levels. '
Understanding the properties of La in relation to the elec-
tronic structure is also important, since as the first
member of the rare-earth series of elements the properties
of lathanum and its compounds «re frequently compared
with those of other rare earths to help interpret properties
associated with the occupied 4f levels.

Recently, a large single crystal of metastable fcc La was
grown for the first time and neutron scattering experi-
ments were successfully performed at 10 K. The most
striking result of the measured phonon-dispersion curves
is a sharp and strongly-temperature-dependent dip in the
transverse [ggg] branch near /=0. 42 (Fig. 1). In this pa-
per we present an electronic-structure calculation for fcc
La and demonstrate the electronic origin of this anomaly.
Additional calculations were made at 14% smaller
volume, showing that the phonon frequencies of the trans-
verse [Qg] branch decrease with pressure. This predic-
tion helps to explain both the unusual negative thermal
expansion of fcc La at low temperature and the phase
transition near 50 kbar.

In the last few years there have been several calcula-
tions of the electronic structure of fcc La The mo.st ex-
tensive work (below 200 kbar) was reported by Pickett,
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FIG. I. Phonon-dispersion curves along the [g'g'] direction.
The triangles and circles are experimental data from Ref. 4.
The solid lines are the theoretical results including the D~ con-
tribution as explained in the text. The dashed lines are the
dispersion curves from a two nearest-neighbor force-constant
model used to represent the short-range interactions. The ar-
rows shaw the wave vectors for which theoretical calculations
were made.

Freeman, and Koelling, who used a highly precise first-
principles, self-consistent linear augmented-plane-wave
(LAP%) band-structure method. Their results showed
that the increase of T, below 50 kbar is a result of in-
creased p-d rather than d-f interactions. These authors
found that the 4f bands, about 1 eV wide and lying -2.5
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eV above the Fermi level, have an average electronic occu-
pation of -0.05 for pressures up to 50 kbar. Thus the 4f
bands play little direct role in the superconducting and
other properties of fcc La for pressures below 50 kbar.
Pickett et al. also calculated the generalized electronic
susceptibility X(q) (Fig. 9 in Ref. 8). As is well known,
the function X(q) frequently displays peaks near those
wave vectors associated with phonon anomalies or
structural transitions. Although the X(q) calculated by
Pickett et al. s increases as a function of g along the [g'g']
direction, indicating a strong electronic screening effect
for the whole branch, it does not show any striking
feature near (=0.42. Also, with increased pressure the
magnitude of their X(q) along [gf] decreases, which usu-

ally suggests less screening and hence, an increase of pho-
non frequencies with pressure. Since these and other cal-
culations did not anticipate the dip observed in recent ex-
periments, we were motivated to undertake the calcula-
tions presented in this paper. FIG. 2. Fermi surface of fcc La.

CALCULATIONS AND RESULTS

Frozen-phonon calculations at a few wave vectors were
first performed for the high-temperature bcc phase of La
for which the phonon-dispersion curves were recently re-

ported. 'o The calculated phonon frequencies (obtained to-
tally from first principles) were in good agreement with
experiment. Similar calculations were performed for fcc
La and also agreed with experiment (for the L-point
transverse phonon v,„~,=0.78+0.03 THz, while

vth, ——0.8 THz, and for the longitudinal phonon

v,„p,——2.61+0.05 THz, while v,h~, =2.4 THz). These cal-
culations differ from previous ones for fcc La (Refs. 7 and
8) by excluding the 4f states. The motivation for remov-

ing the 4f levels came from speculation about the 4f
states being responsible for the relatively low phonon fre-

quencies in La.' If these speculations were correct, then
calculations without the 4f states would yield values of
the phonon frequencies much higher than reported experi-
mentally. The calculations used a mixed-basis pseudopo-
tential method" in which the 4f states were removed
from the vicinity of the Fermi level by adding a repulsive
term to the I =3 part of the angular-momentum-
dependent potential. The nonlocal ionic pseudopotential
was determined following the norm-conserving scheme'
to reproduce the results of relativistic all-electron atomic
calculations with spin-orbit coupling neglected. ' The
Hedin-Lundqvist'~ form of the local exchange-correlation
potential was used. These are the same procedures which
were successfully apphed to the calculation of phonon fre-
quencies in bcc Zr, Nb, and Mo. The fact that the calcu-
lations with the 4f levels removed yielded phonon fre-
quencies for fcc La in agreexaent with the experimental
values, suggests that renormalization effects involving the
empty 4f levels are negligible. This observation prompted
the further study of the fcc phase of La using the same
pseudopotential for which the 4f states are shifted to en-
ergies far removed from the Fermi level.

The calculated energy bands of fcc La along the high
symmetry lines were found to be very similar to those of
Ref. 8. Near the Fermi level, however, with the 4f levels
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FIG. 3. Generalized susceptibility along the [gg] direction
for fcc La.

missing, there is less compression of the bands near EF,
and this results in some changes in the Fermi surface (Fig.
2) and the density of states at the Fermi level. Most signi-
ficantly, a small nesting feature develops in band 2 (the
band which crosses the Fermi level) along the [gg] direc
tion at )=0.42. The calculated X(q), shown in Fig. 3, in-
creases by -35%%uo from I' to L, similar to the X(q) of
Pickett et al.,s but in addition has a small, sharp peak at
(=0.42. Peaks in X(q) are frequently associated with
anomalies in phonon-dispersion curves. However, the cal-
culated peak is rather small for such a large dip in
phonon-dispersion curves to be anticipated. The appear-
ance of the anomaly only in the transverse branch is also
unusual. To better understand the anomaly, a detailed
calculation relating the electronic response to the
phonon-dispersion curves was undertaken. Such a calcu-
lation requires the evaluation of the electron-phonon ma-
trix elements. For this task we adopted the tight-binding
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scheme of Varma and Weber which was very successful in

explaining the phonon anomalies for bcc transition met-

als."
An empirical nonorthogonal tight-binding fit (with rms

error &0.02 eV) was made to the electronic structure ob-

tained from the first-principles pseudopotential calcula-
tion. The gradients of the hopping and overlap parame-
ters needed for computing the electron-phonon matrix ele

ments were determined using a similar fit to a first-
principles calculation for fcc La with a 2% smaller unit-

cell volume. For computing the susceptibility and matrix
elements as a function of q, the eigenvalues and wave
functions from the tight-binding fit were evaluated on a
mesh of 770 k points in the « th irreducible section of the

Brillouin zone. To increase the resolution for those q vec-
tors in the region of the anomaly, the mesh was later in-
creased to 1638 k points. The part of the dynamical ma-

trix which was calculated contains the long-range part of
the lattice interactions and is responsible for the phonon
anomalies. This part is commonly referred to as "Di"
and is given by

fl (1—f1 +q) s' "'=-~ E(E +q-
where the g's are the electron-phonon matrix elements and
the f 's give the Fermi-Dirac occupation. ' The calcula-
tion was restricted to intraband contributions from band
2, since bands which cross the Fermi level yield the most
important contributions causing strong anomalies. For
the short-range part of the dynamical matrix we followed
Vartna and Weber' and included first- and second-
nearest-neighbor force constants as adjustable parameters.
For convenience, these five parameters were determined
by least-squares fitting to the experimental data at 19 dif-
ferent q vectors, but could have been obtained by fitting
to the results of frozen-phonon calculations to produce a
totally first-principle result. In any case, the short-range
part of the dynamical matrix contains little structure (the
dashed lines in Fig. 1). The anomaly only occurs when
the strong D2 contribution is added to the short-range
part of the dynamical matrix (solid lines in Fig. 1).
Analysis of the results showed that the peak in X(q)
comes froin two small nested regions (Fig. 4) of the Bril-
louin zone (roughly 0.8% of the total volume). An
analysis of the wave functions and matrix elements from
these regions helps in understanding the size of the anom-
aly and its appearance in the transverse branch. The
analysis is most easiIy accompHshed by considering the
d-like part of the wave functions relative to a coordinate
system with the z axis along the [111]direction. Then the
wave functions in these regions have a strong t2s charac-
ter. Figure 5 is a schematic representation of the geome-
trical situation showing the projection of the d orbital
from the nesting region near k pointing along the [111]
direction. The lobe of this orbital extends between lobes
of opposite phase from the wave function in the k+q
nesting region. A longitudinal displacement (along [111])
maintains the cancellation in the matrix elements for
nearest-neighbor interactions, while a transverse displace-
ment produces a large change in the matrix element, and
hence a large electron-phonon coupling. This mechanism
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FIG. 4. An off-symmetry plane in the fcc La Brillouin zone
showing the region containing the nesting feature of the Fermi
surface. The coordinates are given in ~/a units.

is similar to the so-called "dormant interaction" discussed
by Weber. '

With the same tight-binding scheme we also calculated
the Eliashberg function a F, the electron-phonon mass
enhancement A,, and the superconducting transition tem-
perature T, . The phonon spectrum needed in the calcula-
tion was taken from a fit to the room-temperature experi-
mental data. A mesh of 140 k points on the Fermi sur-
face in the « th irreducible section of the Brillouin zone
was used. A A, value of 1.10 was found. This value to-
gether with a p' of 0.13 (Ref. 8) was used in the
McMillan's formula as revised by Allen and Dynes' to
obtain T, =5.93 K, a value in good agreement with exper-
iment ( T~~'=6.05 K). Figure 6 is a histogram of a2F to-

FIG. 5. Schematic diagram showing projections of d-orbital
lobes for the states involved with the "dormant interaction. "
For [111] longitudinal motion the electron-phonon matrix ele-
ments are zero because of orbital symmetry, but for transverse
motion a large coupling is obtained. The atom associated with
the dashed lobe is -1.1 A above the plane of the other two
atoms.
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FIG. 6. The phonon density of states {DOS) (solid curve)
from Ref. 4 and the calculated Eliashberg function a~F (histo-
gram).

gether with the phonon density-of-states curve deduced
from experiment. An almost constant a is evident and
was also deduced from tunneling and neutron scattering
experiments on polycrystalline samples. ' The position of
two peaks (near 2.2 and 2.7 THz) and other general
features of a Ii are comparable with the tunneling data
(Fig. 6 of Ref. 18).

Finally, we repeated all the calculations for fcc La at
14% smaller volume (corresponding to -50-kbar pres-
sure). Similar to the results of Ref. 8, the magnitude of
X(q) decreased with increasing pressure. Also, the peak at
(=0.42 became weaker. The D2 contribution for the
[111] transverse branch became stronger, however, be-
cause the electron-phonon matrix elements increased
dramatically. This is a consequence of the strong "dor-
mant interaction. " Frozen-phonon calculations were also
performed at the smaller volume to check that the short-
range force constants did not increase significantly. The
frozen-phonon calculations showed the transverse L-point
phonon frequency decreases with pressure as expected
from the larger D2 contributions. The amount of Dz in-
crease was 28%%uo near the anomaly and 21% at the L
point, so we predict the dip will become stronger at higher
pressure and will be the first point to go soft (at low tem-
perature) assuming higher-order contributions to the
strain energy are not large enough to force a commensu-
rate distortion. ' The shape of a F did not change much
with pressure but I, increased to 1.69. Using this value of
A, , p' =0.13, and the same experimental phonon spectrum,
we find T, =10.3 K, again in good agreement with the
experiment ( T,'"~'= 10.0 K).

The calculations for the phonon-dispersion curves have
successfully demonstrated the origin of the recently ob-
served phonon anomaly in fcc La. In addition, reason-
able values for the electron-phonon coupling parameters
were obtained at normal pressure and at 50 kbar. Since
we excluded the 4f states from the vicinity of the Fermi
level in the calculations, the good agreement with experi-
ment suggests that the almost empty 4f bands do not play
an important role in the lattice dynamics or superconduc-
tivity of fcc La. At higher pressures we expect the influ-
ence of the 4f levels to become significant. Our frozen-
phonon calculations at the L point for different volumes
showed a softening of the low-energy transverse [gg]
branch. At low temperatures the thermal excitation of
this branch dominates the contribution to the Gruneisen
parameter and results in a negative thermal expansion
which is highly unusual among fcc elements (the negative
thermal expansions of Si and Ge are of the same origin).
Also, the softening of this branch with pressure is prob-
ably related to the low-temperature structural phase tran-
sition near 50 kbar. ' Grosshans et al., using a diamond
anvil cell, have reported superlattice reflections in fcc La
beginning around 70 kbar (at room temperature) and iden-
tified the new structure as arising from the softening of
the L-point phonon. Resistivity measurements' as a func-
tion of temperature and pressure have shown that this
room-temperature transition at 70 kbar is related to the
low-temperature transition near 50 kbar. ' If it is indeed
the L point rather than the /=0. 42 phonon which goes
soft at room temperature, it suggests that the nesting
feature and the anomaly are reduced at higher tempera-
ture. This is supported by the neutron scattering experi-
ments which show that the dip is highly temperature
dependent and at room temperature the L point is indeed
the lowest frequency of the transverse [gg] branch. It is
also possible that higher-order (anharmonic) terms in the
strain energy cause the lattice to lock in at the commensu-
rate wave vector (the L point) even for lower tempera-
tures. Pressure- and temperature-dependent neutron and
x-ray experiments, along with calculations which include
the 4f levels, are now in progress and should be able to es-
tablish quantitatively the behavior of this branch and as-
sess the expected influence of the 4f electrons at higher
pressures.
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