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Phonon instabilities in high-pressure bcc-fcc and the isostructural fcc-fcc phase transitions of Cs
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The phonon instabilities of cesium related to its pressure-induced bcc-to-fcc(1)-to-fcc(2) phase transitions are
studied using the density-functional perturbation theory. It is found that at low pressure, both the bcc and fcc
Cs aredynamicallystable, but fcc isthermodynamicallymetastable. The high-pressure phase transitions of Cs
from bcc to fcc(1) and from fcc(1) to fcc(2) are related to the phonon instabilities of the long-wavelength
acoustic modes resulted from the negative tetragonal shear elastic constantC85

1
2 (C112C12). During the

fcc(1)-to-fcc(2) phase transition, all the phonon modes become soft, making it the most striking feature of this
isostructural phase transition.
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I. INTRODUCTION

Cesium metal exhibits an unusual sequence of phase
sitions under pressure.1–6 The structure of ground-state C
~Cs-I! at ambient pressure is body-centered cubic~bcc!. At
2.37 GPa andV/V050.63, whereV0 is the equilibrium vol-
ume at zero pressure, its crystal structure changes to f
centered cubic~fcc! with a small reduction of volume.1 Near
4.2 GPa andV/V050.455, the high-pressure fcc(1) phase
~Cs-II! undergoes a first-orderisostructuraltransition3 to an-
other fcc(2) phase ~Cs-III! with a large volume change
(29%). At 4.4GPa, there is another transition to the tetra
onal Cs-IV phase.6 Cs-V phase is also reported near 12 G
recently.7

Theoretical calculations have focused mainly on
changes of the electronic structures induced from exte
pressures. It has been found that the 6s valence electron
undergoes a transfer to a more localized 5d-like state8–10 at
high pressure due to the downward motion of thed bands in
the vicinity of the Fermi level. In this paper, we presen
different approach, i.e., a lattice dynamics study, on
bcc-to-fcc(1) -to-fcc(2) phase transition. It is known that dy
namic instabilities or anomalous softening are often rela
to the structural phase transitions.11–14 These dynamic insta
bilities may, for example, occur for wave vectors at t
boundary of the first Brillouin zone~BZ!, e.g., the softening
of an acoustic phonon atM point of the first BZ in the cubic-
to-orthorhombic transition of CsCl.11 The instability may
also occur for wave vectors well into the first BZ, as is e
emplified for many metals in the bcc structure by the lon

tudinal phonon mode atq5@ 2
3

2
3

2
3 # ~Ref. 13! transforming the

bcc phase into av phase for sufficiently large phonon am
plitude. In other cases, the phonon instability occurs
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wave vectors close to the center of the first BZ,14 i.e., q
→0. This instability results from a negative elastic consta
often related to the martensitic transformation between
bcc and fcc structures. In this paper, we present a system
study on the phonon structure of Cs as a function of press
We find that the structural phase transition of Cs from bcc
fcc(1) to another fcc(2) is related to the phonon instabilities a
the center of the first BZ at the transition pressure.

II. METHOD

The total energy calculations are based on the dens
functional theory~DFT! in the local-density approximation
Different computational approaches have been employ
i.e., pseudopotential plane-wave~PS-PW! method,11 full-
potential linear-augmented plane-wave~FP-LAPW!
method,15 and full-potential linear muffin-tin orbital~FP-
LMTO! method.16 In the PS-PW calculations, the wave fun
tion is expanded by a plane-wave basis set with a kin
energy cutoff of 25 Ry. Sums over occupied electronic sta
are performed by the Gaussian-smearing special-p
technique17,18 with a smearing width of 50 mRy, on a 1
310310 grid in the first BZ. The interaction between th
valence electrons and the atomic core is described by
norm-conserving pseudopotentials. In a similar manner
described in the previous work,11 the 5s, 5p, and 6s elec-
trons of Cs are treated as valence electrons. The total en
calculations~lattice constant, bulk modulus, and pressu
volume relationship! have been checked by the FP-LAPW
method with a kinetic energy cutoff of 10 Ry and 10310
310 k-point grid in the first BZ.

The phonon frequencies are calculated using dens
functional perturbation theory19 on a 43434 regular mesh
3624 ©2000 The American Physical Society
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and Fourier interpolated in between. The phonon density
states~DOS! is calculated by using the linear tetrahed
method with a total of 250 specialq points in the irreducible
wedge of the first BZ. To check the reliability of the pseud
potential plane-wave method for the fcc phase at very h
pressure, phonon dispersion curves at selected direction
calculated with the all-electron linear-response FP-LMT
method.16 In this case, the dynamical matrix and phon
frequencies of Cs were obtained as a function of wave ve
for a set of irreducibleq points in a~8,8,8! reciprocal lattice
~29 points per 1/48th part of the BZ!. The 3k-spd LMTO
basis with one-center expansions are performed inside
muffin tin ~MT! spheres up tol max56. In the interstitial
region the basis functions are expanded in plane waves
the cutoff corresponding to the 28328328 fast Fourier
transform ~FFT! grid in the unit cell of real space. Th
k-space integration needed for constructing the indu
charge density is performed on a 16316316 grid, which is
twice as dense as the grid of phonon wave vectorsq.

III. RESULTS

Figure 1 shows the total energy per atomE(V) as a func-
tion of volume for bcc and fcc Cs. The equilibrium atom
volumes corresponding to the minima in total energy
97.05 Å3 ~bcc! and 100.89 Å3 ~fcc!, respectively. The en
ergy difference between bcc and fcc is only 4.1 meV/ato
The small energy difference between the bcc phase and
fcc phase of Cs is quite similar to that of other alkali meta
e.g., lithium.20 The variation of the total energy with volum
is also rather small, e.g., as the volume of bcc Cs chan
from 97.05 Å3/atom to 80 Å3/atom (DV/V05218%), the
increase of the total energy is only about 25 meV, wh
means the Cs metal is a very soft material. The compar
of the pseudopotential calculations on the lattice const
bulk modulus, and energy difference between bcc Cs and
Cs with that of FP-LAPW and experiments is shown
Table I. It can be seen in Table I that the results obtained
PS-PW calculations are in very good agreement with tha
the all electron FP-LAPW calculations, which indicates th

FIG. 1. The total energies of Cs as a function of volume co
puted from the PW-PS method. The solid line is for the bcc Cs.
dashed line is for the fcc Cs.
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the interactions between the valence electrons and the at
core are accurately described by the present pseudopo
tials.

Next, we examine the phonon structures of the bcc a
fcc(1) Cs at high pressures, where the bcc Cs has a hig
Gibbs free energy than the close-packed fcc(1) phase. It
would be important to see if the phonons and elastic c
stants of the bcc Cs exhibit anomalies indicative of its d
namic instability at high pressures.

The PS-PW calculated phonon dispersion curves@n(q)#
of bcc Cs at several pressures are shown in Fig. 2, and
corresponding phonon DOS is shown in Fig. 3. Table
gives the elastic constants of the bcc and fcc Cs that
calculated from the slopes of the phonon dispersion curve
q→0. The relationship between the elastic constant and
phonon dispersion is the following. Atq→0, rvL

25C11,

TABLE I. The calculated lattice constant, bulk modulus, a
energy difference between bcc and fcc of Cs using pseudopote
and FP-LAPW. The available experimental value~Ref. 21! at 4.2 K
is also listed for comparison.

Pseudopotential FP-LAPW Experimen

bcc a0 (Å) 5.79 5.78 5.92
B0 (GPa) 2.26 2.28 2.30

fcc a0 (Å) 7.39 7.34
B0 (GPa) 2.12 2.20
DEfcc/bcc

~meV/atom!
4.1 5.0

-
e

FIG. 2. The PS-PW calculated phonon frequencies of the bcc
at different volumes.
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rvT
25C44 along @100# direction, wherer is the density of

Cs, vL5dvL /dq, vT5dvT /dq, v52pn. Similarly, along
@110# direction, rvL

25(C111C12)/21C44, rvT
25(C11

2C12)/2, rvT8
2

5C44. Along @111# direction, rvL
25(C11

12C1214C44)/3, rvT
25(C112C121C44)/3. Since the ex-

perimental measurements1,3 were performed at room tem
perature, the equilibrium volume of bcc Cs at zero press
V0 used in this paper is the theoretical value atT5300 K,
which gives V05102.43 Å3. This theoretical equilibrium
volume is calculated by minimizing the Helmholtz free e
ergy of bcc Cs atT5300 K in the quasiharmonic approx
mation. We observed from Fig. 2 that the phonon frequ
cies of longitudinal modes~labeled byL in Fig. 2! of the bcc
Cs monotonically increase with pressure, while the phon
frequencies of the transverse modes along@zz0# branch~la-
beled byT1) first increase with pressure~for V changes from
V0 to 0.84V0) and then decrease with pressure~for V
changes from 0.74V0 to 0.66V0). When the volume of the
bcc Cs is decreased to 0.66V0, the tetragonal shear elast
constantC85 1

2 (C112C12) ~in Table II! becomes negative
The long-wavelength transverse modes (T1) ~in Fig. 2! be-

FIG. 3. The PS-PW calculated phonon DOS of the bcc Cs
different volumes.
re

-

n

come unstable, where2unu is plotted whenn2(q),0. At
this pressure, the bcc Cs also has a higher enthalpy than
Cs ~see Table II!. Therefore, Cs is bothdynamically and
thermodynamicallyunstable atV50.66V0. The calculated
transition volumeV50.68V0 ~when theT1 modes are just
becoming unstable! is in good agreement with the exper
mental value of 0.63V0.1 The variation of phonon DOS with
pressure~Fig. 3! reflects the changes of the phonon disp
sion curves in Fig. 2. The high-frequency DOS peak sh
upwards in frequency with pressure, the low-frequency D
peak first increases then decreases with pressure due t
softening of theT1 modes. At the same time, the high
frequency peak becomes broader and lower at high press
while the low-frequency peak becomes sharper and highe
high pressure.

Figure 4 shows the phonon dispersion curves of the fcc
obtained from PS-PW calculations at different volumes.
V5V0, fcc Cs is dynamically stable but the enthalpy

t

FIG. 4. The PW-PS calculated phonon frequencies of the fcc
at different volumes.
Ref.
TABLE II. The calculated elastic constants for bcc and fcc Cs. The available experimental data from
22 are indicated in parentheses.

V0 0.84V0 0.74V0 0.66V0

bcc C11 (GPa) 2.27~2.46! 3.78 3.76 2.74
C12 (GPa) 1.88~2.06! 1.94 2.44 3.67
C44 (GPa) 1.94~1.48! 3.18 3.13 2.46
C85

1
2 (C112C12) ~GPa! 0.18 ~0.20! 0.92 0.66 20.46

fcc C11 (GPa) 2.28 3.98 3.90 3.86
C12 (GPa) 1.88 3.24 2.87 3.18
C44 (GPa) 1.90 2.42 2.68 3.07
C85

1
2 (C112C12) ~GPa! 0.20 0.37 0.52 0.34

DH fcc/bcc ~meV/atom! 17.6 23.6 31.3 216.9
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FIG. 5. Phonon frequencies of the fcc Cs
different volumes from FP-LMTO calculations.
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higher than the bcc phase. Therefore the fcc(1) Cs is thermo-
dynamically metastable with respect to the bcc phase. AV
50.66V0 where bcc becomes dynamically unstable, fcc(1) is
stable both dynamically~no soft modes! and thermodynami-
cally (DH fcc/bcc5H fcc2Hbcc,0). That is the reason for th
bcc Cs phase transition to the fcc Cs at this volume. W
the pressure is increased even further (V50.46V0), the long-
wavelength (q→0) transverse modes along the@zz0#
branch become unstable. This phonon softness may cha
terize the isostructural fcc(1)-fcc(2) phase transition. Simila
to the bcc-fcc(1) phase transition atV50.66V0 ~Fig. 2!, these
unstable modes correspond to a negative elastic constanC8.
The softening of the acoustic phonon branch along@110# is
associated with a mechanical instability that violates
Born stability condition23 1

2 (C112C12).0. However, there
are significant different features of the phonon structure
the fcc(1)-fcc(2) transition from the bcc-fcc(1) transition. At
V50.45V0, the phonon modes in the entire BZ become s
with respect toV50.66V0. This interesting feature ma
characterize the isostructural fcc(1)-fcc(2) phase transition of
Cs. The same phonon instability is also observed with
FP-LMTO calculations. As shown in Fig. 5, in agreeme
with PS-PW calculations, the acoustic phonon frequenc
along the@110# direction are predicted to become imagina
at V50.46V0. The theoretical transition volumeV50.46V0
is in excellent agreement with the experimental value
0.455V0.3

The equations of state for the fcc phase computed fr
PS-PW and FP-LMTO methods are shown in Fig. 6. F
both set of calculations there is a small change in the cu
ture nearV548 Å3 (0.47V0). This is followed by a plateau
region where the pressure remains constant with decrea
volume. This plateau signifies the volume compression
companying the isostructural transition. At smaller volum
aroundV538 Å3, there is a steep increase in the press
indicating the onset of the stability region of the denser fcc(2)
n
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~Cs III! phase. As shown in Fig. 4, atV50.28V0 the fcc(2)

Cs has recovered its stability. The estimated transition p
sure from the FP-LMTO calculation is 5.2 GPa. This value
in substantial agreement with the experimental observati3

The PS-PW calculations predicted a somewhat lower tra
tion pressure. However, both calculations gave a sign
cantly larger volume change ('220%) than the experimen
tal value of29%.

Figure 7 shows the phonon DOS of the fcc Cs calcula
by PS-PW at different volumes. It can be seen that when
volume changes fromV0 to 0.66V0, the phonon frequency
shifts upward. When the volume is further decreased
0.45V0 where the fcc(1)-to-fcc(2) phase transition occurs
there are significant softening for all the phonon mod
~downward shift of the phonon frequencies!. Some states ap
pear atn,0 representing the unstable phonon modes al
@zz0# branch. The phonon softening for all the phon
modes reflects the collapse of the fcc(1) structure. When the
volume is further decreased to 0.28V0, there are no unstable

FIG. 6. Calculated equation of state using PS-PW and
LMTO methods.
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modes indicating the completion of the isostructural ph
transition.

It is known that the bcc→fcc transition in high-pressure
Cs is due to as→d hybridization of the valence band. Figur
8 shows the FP-LAPW calculated charge density on
~100! plane of fcc Cs at~a! V5V0 and ~b! V50.39V0. It is
very clear that the interactions between Cs atoms h
changed from majoritys-like orbitals tod-type orbitals when
Cs is compressed to a small volume. The theoretical ca
lations confirm the expected results but also reveal the ph
cal basis of this electronic transition. At high pressu
s-orbital interactions become energetically unfavorable. T
transition froms orbitals tod orbitals helps to alleviate the
electron repulsion and decreases the kinetic energy of
valence electrons. Consequently, the electrons become
localized and the interactions between Cs atoms bec
more covalent. This observation has a very important im
cation. The increased covalency indicates a more directio
structure. Therefore, under very high pressure, dense pac
may not be the most favorable structure and other m
‘‘open’’ structures such as that in Cs IV~Ref. 6! and V ~Ref.
7! are preferred. This may be a general phenomenon

FIG. 7. PS-PW calculated phonon DOS of fcc Cs at differ
volumes.

FIG. 8. FP-LAPW calculated charge densities along the@100#
plane of fcc Cs at~a! V5V0, and~b! V50.39V0.
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simple metals and alloys at high pressure. A similar eff
was observed in a previous study on the structures of K
alloys.24

The calculated dispersion curves of the mode Gru¨neisen
parameters for fcc(1) Cs near the phase transition volum
(V50.48V0) obtained by the PS-PW are depicted in Fig.
It is shown that the Gru¨neisen parameters along several
rections in the BZ become negative, which indicates that
phonon frequencies are decreasing with compression in t
regions. To investigate the physical implications of this b
havior, the average Gru¨neisen parameterg was obtained by
integration over the dispersion curves of the mode Grun¨eisen
parameters. It is interesting to observe that the average G¨n-
eisen parameter decreases when Cs is compressed~Fig. 10!.
It becomes negative as the volume was compressed to
range near the fcc(1) to fcc(2) transition and jumps to positive
values once the phase transition is finished. This behavio
in agreement with the experimental measurements25 and is
exactly the same as has been suggested from a phenom
logical model.26 The magnitude ofg and its variation with
the volume from the present first-principles calculations
in very good agreement with the estimate from the pheno
enological approach26 with a minor exception that the rang

t

FIG. 9. Calculated dispersion curves of the mode Gru¨neisen
parameters of Cs along indicated symmetry lines in the BZ co
sponding to a volume of 49.3 Å3. The solid, dashed and dotted
dashed lines are for the two transverse and longitudinal mo
respectively.

FIG. 10. Averaged Gru¨neisen parameterg for fcc Cs as a func-
tion of volume. The negative values ofg indicate the region where
the phonon frequencies are decreasing.
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where the average Gru¨neisen parameters are negative
somewhat broader. The free energy of the system can
computed within the quasiharmonic approximation using
calculated mode Gru¨neisen parameters.26,27 The result indi-
cates a strong temperature dependence for the isostruc
phase transition. This conclusion is in exact accord with
suggestion from the previous phenomenological model.

IV. CONCLUSION

In conclusion, we have studied the phonon instabilities
the bcc and the fcc Cs during its high pressure phase tra
tions. It is found that at low pressure, both the bcc Cs and
Cs are dynamically stable but the fcc Cs is thermodyna
e
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cally metastable~has a higher enthalpy than bcc Cs!. The
high-pressure phase transitions of Cs from bcc to fcc(1) and
from fcc(1) to another fcc(2) are related to the phonon insta
bilities of the long-wavelength transverse acoustic modes
is interesting to find that during the fcc(1)-fcc(2) isostructural
phase transition, the phonon modes in the entire BZ beco
soft.
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