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Evidence for a Soft Phonon Mode and a New Structure in Rare-Earth Metals under Pressure
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High-pressure x-ray diffraction experiments up to 30—40 QPa on lanthanum, praseo-
dymium, and yttrium metals demonstrate that there is one more crystal structure in the
regular rare-earth crystal-structure sequence. This structure results from a second-
order phase transition in fcc phase and could be described by a zone-boundary soft phonon
mode with q= (2~/a)(2 g ~ 2).

PACS numbers: 62.50.+p

The alkali metals, alkaline-earth metals, and
rare earths as well Bs early transition metals
show electron transfer from s to d bands under
pressure. This s-d transfer results from rela-
tive lowering of d-like conduction states in com-
parison to s and p states which rise rapidly under
compression. This electronic transition, which
occurs over a wide range in volume, results in
many structural transitions as well as in bulk-
modulus anomalies in the group-L4 to IIB ele-
ments. ' ' The rare-earth crystal-structure se-
quence hcp —Sm type —dhcp - fcc with decreasing
atomic number and increasing pressure is one
such example. In the course of s-d transfer in
these materials, various band extrema pass

through the Fermi energy, thereby changing the
connectivity of the Fermi surface. It is recog-
nized" that these topological changes of the Fer-
mi surface can lead to anomalies in phonon fre-
quencies and in some cases to phonon softening
and structural phase transitions. Until recently,
it was believed that the ultimate high-pressure
phase of rare-earth metals is fcc. One earlier
x-ray study' on Pr, however, reported an ortho-
rhombic distortion of the fcc lattice. Also, elec-
trical resistivity measurements at low tempera-
ture and high pressures" show resistance anom-
alies for Pr and La, in the fcc phase. The pres-
ent x-ray diffraction measurements on I a, Pr,
and Y were intended to establish the microscopic
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nature of this transition as well as its general oc-
currence in rare-earth metals.

The structural transitions in these metals un-
der pressure up to 30-40 GPa were studied by
energy-dispersive x-ray diffraction with a gas-
keted diamond anvil cell" with use of the ruby
fluorescence method" for pressure measure-
ments. The samples were prepared under oil to
avoid possible oxidation and oil surrounded the
sample also in the gasket of the high-pressure
cell. It was evident from the ruby luminescence
linewidth that the pressure conditions were not
truly hydrostatic; however, no effects of nonhy-
drostatic stresses were observed in linewidths
or line positions within the accuracy of the pres-
ent technique. "

La and Pr like other light lanthanides crystal-
lize in the dhcp structure, and Y-like heavy lan-
thanides crystallize in the hcp structure. The
low-pressure phase transitions in La at 2.5 GPa
and in Pr at 4 GPa to the fcc phase are well
known. " Above 7 GPa, a gradual distortion of
the fcc lattice was observed in La and Pr with
continuous growth of superlattice reflections.
The same distortion was observed in Y above 40
GPa after it had gone through the full rare-earth
sequence. '" The effect of different stress dis-
tributions was checked by cycling of the pres-
sure, and only minor changes in the texture were
observed without any noticeable change in the su-
perlattice structure. The energy-dispersive x-
ray diffraction patterns of the distorted fcc phase
are shown in Fig. 1 for Y, La, and Pr. All the
additional diffraction lines due to distortion can
be indexed with Zk = G = 6&„+q where q= (2z/ao)
&& (

—„2,2). This representation suggests the ex-
istence of a soft phonon mode q which ultimately
results in the static distortion. This qcorre-
sponds to the zone-boundary point L in the Bril-
louin zone of the fcc lattice and is along the (111)
cubic direction which is the c axis in the hexa-
gonal representation of the fcc lattice. This
zone-boundary softness results in a distortion
which just doubles the c axis of the correspond-
ing hexagonal cell. Figure 1 shows the indexing
of this phase in terms of a hexagonal cell with
a =a,/W2 and c = 2W3g, with six atoms per unit

cell, where a0 is the lattice constant of the cubic
phase. The Debye-Scherrer pattern for distorted
fcc in Ref. 7 can also be indexed in terms of this
smaller hexagonal cell.

The second-order nature of this transition can
be inferred from Fig. 2 where the normalized in-
tensity for the (105) superlattice reflection is
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plotted as a function of pressure for Pr. From
this plot one can estimate the critical pressure
(P, ) for the transition to be as low as 6.2 Gpa in
Pr at room temperature. This continuous struc-
tural transition corresponds to a continuous pe-
riodic distortion of the layers ABC, A'B'C' with

respect to each other with increasing pressure.
The critical pressure for La at room tempera-
ture is approximately the same as for Pr. It
should be added that this transition remains sec-
ond order to very low temperature (- 50 K)' as

FIG. 1. Energy-dispersive x-ray diffraction patterns
for Y, La, and Pr in the distorted fcc phase at various
pressures. Y and Pr diffraction patterns are with 20
= 10 while La is with 20= 12'. These patterns were
indexed to a hexagonal lattice with c/a = (24) . (Qkl )

reflections with even l values correspond to principal
fcc reflections. M, marker; G, gasket; E, escape
peak; D, remanent dhcp.
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FIG. 2. The pressure dependence of the intensity
(normalized to Pr KQ. Quorescent peak) of the (105)
superlattice reQection of distorted fcc phase in Pr.
The intensity drops down continously to zero at 6.2
GPa.

one would expect for a soft-mode transition and
also occurs at lower pressures at lower temper-
atures. In an earlier x-ray study on La at room
temperatures and pressures up to 10 GPa,"no

lattice distortion was observed because this ear-
lier technique did not allow for the observation
of weak satellites in that limited pressure range.

The observation of this transition in light lan-
thanides (La, Pr) and in a typical heavy rare-
earth metal (Y) indicates that this is an addition-
al structure in the regular rare-earth metal se-
quence which can be observed, however, only at
high pressures, after the appearance of the fcc
phase.

In detailed band-structure calculations" on La
under pressure, it was found that in the low-pres-
sure range (0-5 GPa) there is a change in topol-
ogy of the Fermi surface in the L-U-W-K plane.
The bare electronic susceptibility y, (q) showed

a strong maximum and a large change with pres-
sure at the L point of the Brillouin zone. This,
together with the large electron-phonon coupling,
indicated by the large value of the superconduct-
ing transition temperature (T,) and its rapid in-
crease with pressure, ' can be related to the pho-
non frequency renormalizatioo at the L point.
However, calculations of phonon dispersion curves
under pressure for the rare-earth metals in the
fcc phase are required to look for this phonon
softening in more detail. Some softness in aver-
age phonon frequencies in the low-pressure re-
gion (0- 5 GPa) has been considered earlier ' " "
to explain the extra enhancement in T, with pres-

sure as well as anomalies in resistance-versus-
temperature curves of La at various pressures.

It is interesting to note that no further trans-
formation is observed in La up to pressures of
33 GPa. The s- d electronic transition is con-
sidered to be completed around 20 GPa in La as
indicated by the shock anomaly, "and theoretical
calculations show that, in this pressure range,
the bottom of the s band moves above the Fermi
energy with pressure. " It appears that the ulti-
mate high-pressure phase of rare-earth metals
with predominantly d character in their conduc-
tion band is distorted fcc (or in other words a
hexagonal six-layer sequence). The complete
rare-earth crystal-structure sequence is there-
fore hcp —Sm type —dhcp —fcc —distorted fcc.
However, in the light lanthanides Ce, Pr, . . . ,
the localized 4f" configuration can be affected by
pressure to participate in bonding, and addition-
al low-symmetry crystal structures are ob-
served. ' In Pr metal above 20 GPa, the o-ura-
nium structure was observed" which remains
stable up to 40 GPa. The appearance of this
structure is related to delocalization of f elec-
trons (or f bonding) at high pressures" in close
analogy with Ce (Ref. 21) and Am (Ref 22).
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Critical Surface Phenomena at First-Order Bulk Transitions
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Semi-infinite systems which undergo a first-order bulk transition are considered. A
new type of surface phase transition is predicted which has two unexpected features: (1)
Et exhibits some universal properties since a variety of surface exponents can be defined
although there are no bulk exponents; (2) a layer of the disordered phase appears between
the free surface and the ordered bulk. The interface between the disordered and the or-
dered phases becomes delocalized as in the wetting and in the pinning transition.

PACS numbers: 68.40.+c, 05.70.Fh, 64.10.+h

Critical behavior at surfaces has been the sub-
ject of much recent interest. ' "

Up to now, both
theory and experiments have been devoted to
semi-infinite systems which undergo a second-
order bulk transition. In this case, the bulk or-
der parameter is proportional to I & -&, l as the
critical temperature T =T, is approached from
below while the surface order parameter behaves
as IT —T, l

' withe, &P. This surface critical
exponent has been calculated by various methods
for the Ising model, ~ ' for the n-vector model, ' '
and for the two-dimensional g-state Potts-model
with q =3,4.' The exponent P, has been measured
for the antiferromagnet NiO by low-energy elec-
tron diffraction (LEED)" and for the ferromag-
net Ni by spin-polarized LEED." In this Letter,
we consider semi-infinite systems which undergo
a first-order bulk transition. As a consequence,
the bulk order parameter jumps at the transition
temperature 1' =&*. However, it is shown below
that the surface order Parameter may neverthe

less behave continuously like I T —T*l j. A varj. e-
ty of surface exponents can be defined which are
expected to be universal. This is rather surpris-
ing since there are no corresponding bulk expo-
nents. This new type of surface phase transition
has an additional unexpected feature: as &* is ap-
proached from below, a layer of the disordered
phase intervenes between the free su~face and the
ordered bulk. Thus, an interface appears which
separates the disordered surface layer from the
ordered phase in the bulk. At T =&*, this inter-
face becomes delocalized as in the wetting"'"'"
and in the pinning transition. "" This implies
a disordered surface layer of macroscopic thick-
ness.

Consider a d -dimensional semi-infinite system
with a (d —1)-dimensional free surface. The co-
ordinate perpendicular to the surface is denoted

by &. As a result of the broken translational in-
variance, the order parameter M depends on ~:
M=M(z). The Landau expansion for the free en-
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