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Negative thermal expansion coefficient and isostructural transition in fcc cesium
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The equation of state of solid cesium in the face-centered-didig structure is examined theoretically by
means ofab initio calculations. The electronic energy is calculated within density-functional theory, whereas
vibrational contributions to energy and entropy are calculated within the quasiharmonic approximation. The
thermal expansion coefficient is predicted to be negative for pressures above 3.5 GPa and up to the end of the
stability range of the fcc phase fafl T. The fcc phase becomes unstable around 4.3 GPa, where a transverse
phonon mode with a wave vector aloiigl0 becomes soft. According to the calculations an isostructural
transition doesot occur.

Cesium undergoes a number of structural phase transcould be caused by the phonons, and therefore their contri-
tions under pressure. Six phases are known to exist at roofsutions to the free energy must be included. The work in
temperature: [bco, Il (fce), 1l (fcc ?9, IV (tetragonal, V Ref. 9 used a Debye model for the phonons together with an
(orthorhombig, and VI (double hexagonal close packéd®  approximative description of the overall Grisen param-
The pressure-driven electrorse-d transitiorf in cesium is  eter in order to estimate the phonon contribution to the pres-
believed to play a major role in the structural behavior, atsure. For certain choices of parameters in the model, a van
least for pressures up to about 15 GPa corresponding to fouder Waals loop did occur. However, an evaluation of the
fold compressiori=*° One of the remarkable features of the rather small phonon contributions requires much better pre-
structural sequence is the occurrence of the tetragonal phagision. Therefore we calculate full phonon spectra for all
IV (4.4-12 GPawhich is only eightfold coordinatetiThe  relevant volumes, and together with the electronic energies
unusual decrease of the coordination number with increasingis then leads to free energies as functions of presye (
pressure from 12 in fcc to 8 in Cs-IV has been interpreted iR,q|ume (), and temperatureT)). This allows not only a

; ; TR i 210,11 ! o : )
terms directional bonding md_uce_d by teel trapsltlon- _study of the phase transition, but also calculations of thermo-
Beyond phase IV the coordination number increases withy, namical quantities, like the thermal expansion coefficient.
pressure. The recently determined orthorhomblc structure qéurthermore, using the present methods, we can examine the
Crsa_vh'(clzs':g:7chGcPc?orr<]jar?a:yc\>l(r)1 ?10rr]ﬁt?§r|;/alc§m18ry§rt]3”01_ 1 dynamicalstability of the structure v® and T. The earlier
grapnic s with inatl ur ‘calculation&!* used electronic total energies obtained within
respectively’ and thisCmcastructure is the same as that of . . . .
1213 the atomic-spheres approximati8Br{ASA) (with spherical
Si-VI.>* e L : .
8harge distributions inside atomic spheraghich cannot

The Cs-Il phase, which is the one studied here, was found. Id h iated with trv-breaki
experimentally to exidtfrom 2.3 GPa up to 4.2 GPa. The yleld energy changes assoclated with Symmetry-breaxing
distortions. Therefore, such calculations could neither be

following phase, Cs-lll, exists only in a narrow pressure ) .
range, 4.2-4.4 GPa, and until recently it was believed tg'sed to obtain elastic shear constants nor phonon frequen-

have the fcc structure. The experiments by Hlbl? indi- cies. This requires methods without shape approximations to
cate that an isostructural feefcc transition occurs, and the- Potentials and charge densities. Specifically, the ASA calcu-
oretical calculations seemed to confirm t?]fé Recent lations would not predict the dynamical instability of fcc-Cs
experiment$ have not been able to confirm that Cs-Ill has as we describe below. Furthermore, the Debye model cannot
the fcc structure. The existence of an isostructural transitiotead to the peculiar variation of the thermal expansion coef-
would be interesting, in particular because this would implyficient with P and T which is predicted here for fcc-Cs.
that the “normal” metal, Cs, would undergo a transforma- The electronic energy of the electrons for a given choice
tion similar to thea— vy transition in Ce, which is due to the of atomic coordinates is calculated within approximations to
4f electrons (see, for example, Ref. 14 and referencesthe density-functional theory, the local approximatie®A )
therein. as well as a generalized gradient appro@é®A). The LDA
Previous calculation$!! as well as the present, show that calculations lead to a non-negligible overbinding in Cs. The
the s—d transition in Cs does not produce a van der Waalgesults presented here were obtained with the GGA, and we
loop in the pressure-volume relation for fcc-Cs obtainedused the Perdew-Burke-Ernzerhof schéfh@ve did, how-
from total-energies of the electrons alone. But such effectgver, choose the parameteto be 0.45(in accordance with
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FIG. 1. Phonon-dispersion relations for fcc-Cs for the volumes ViVy

V/V,=0.376 (dotted curvg, V/Vy=0.50 (full line), V/Vy=0.80

(dash-dotted curves FIG. 2. The elastic constants of fcc-Cs. The lines are least-

squares fits to a series of functions \éf B is the bulk modulus,

squares denote the calculatéd, value, while those of 2'=Cy;
previous estimationtd), i.e., smaller than the “standard —cC,,are denoted by circle§Note that Cs is a very soft metal, and
value,” 0.806% and applying that we fouffl for bcc-Cs a  the elastic constants are particularly small. The total-energy
theoretical equilibrium volume at=300 K only slightly  changes associated with the imposed strains are thus very @fall
larger (by ~2%) than observed. uRy range, and we needed to include14 000 points in the irre-

The solution of the effective one-electron equations wadlucible Brillouin zone. Still some scatter remains, and the curves

performed by means of the linear muffin-tin orbitaMTO) drawn represent least-squares fits to a series of functiows ##.]
method® in the full-potential versiot®!’ The semicore | £ beeC di d
states, Cs-5and —5p, were treated atocal orbital-?in volume of bce-Cs at room temperature, and it corresponds to

the same energy window as the valence states. The bangr-]ls\tlsctehactog?ar\?bjcg 27055 jil) ggeuicﬁg?gscg:\é)evié? t';'gr'll
structure calculations were scalar relativistic, i.e., all relativ- o~ d

istic effects, except spin-orbit splitting, were included. Con-tﬂgfi fou”g;g'\:(]\éolz 0-5? EfU” |IneeS). Inoa(\jdedm%r]l we felnde t
cerning the band-structure method, approximations t& ne m ’ owest transverse m with wave vector

exchange correlation, and basis set, the present calculatio along (110 pecomes soft in the long-wavelength !'m't' At
are then similar to, and consistent with, those use Vo=0.375 it already drops below the_ corresponding curve
earliet®52for the high-pressure phases of Cs or VIVy=0.80, and further compression woultbrmally)
We have estimated the finife-contributions to the elec- lead to imaginary frequencies. This is the volume range
where the fcc structure of Cs becomes unstable, and it trans-

tronic free energyenergy as well ag S terms,S being the .
entropy, and found that they can be neglected in comparison°' "> to Cs-lil and then on to Cs-1V, etc. The softening of
cc-Cs under compression is also clearly seen in the calcu-

to the phonon terms. The phonon contributions to the fre ted elasti ant Fig. 2
energy are calculated within the quasiharmonic approxima—a?_I elastic ICOTStaS ; tsheel '%' ‘ d oh tributi
tion, i.e., the dispersion relations are derived as in usual har- aving calculated both electron and phonon contributions

monic approximations, but the force constafasd thus fre- :ﬁeFt(h\; )r;](;rl(\\/'glr&?;'; teimgﬁg?;lﬁriiéf%a:fgvm\é'tRa'nacn;-
quinci_e;lvari/ vtvri]th volume. Wf gebcidseﬁl o use (;ijng;;h()d culated as a function 0[13 both andT. Figure ’3 shows thak
\(jlvl#i((:ahstlrrr(leI :Irer(r)1en?s%??hseuggﬁzgicalymatg;n;?eiglated tcl; thgecr(_eases if, at a fixed temperature, the pressure is increased,
elastic shear constants. These are obtained from electron?(pd It goes through zero at a S'r!g'? valueR(3.5 GPa
total-energy calculations as described above and in Refs. 24 €SPectiveof the temperature. This is a conseqy_enceﬁé)f all
and 20.(Our final equations and arguments leading to therrﬁogizggmifetﬂigaéimﬁ;{gri’h\;amﬁhmg ata SPEC'T'C Vo ”r]]e
differ somewhat from those of Ref. 23. For example, the C o phonon contribution to the
dynamical matrix fulfills in our version the symmetry re- pressure var_nshes. T_hls is also evident from the calculated
quirements inq spacé>?9 The phonon-dispersion func- 'SOtherms, Fig. 5, which coalesce naéV,=0.5. .
tions, f(q), are calculated on a dense mesh of volumes, andh Yet another way c.)f |IIustr§t|ng_ the ext.re.mal behavior (.Jf
in terms of the phonon density-of-states functions we obtail© phonon frequencies consists in examining the zero-point-
the contributions to the thermodynamical functiofs, E, motion energy,Ez_p, and t_he Debye temperaturép , as
and S HeI:nhoItz free energy, the energy, and the entropyfun_‘lfﬂgr;ilﬂfi;/é ?ns Ilzsigdinsehglwls:tlz_g. i\s derived from the limit
respectively. : zp .

Figure 1 shows three examples of the dispersion relationd! F or EasT—0. The dashed curve was obtained from
obtained for fcc-Cs. It is seen that a compression of the lat- 9
tice fromV/V,=0.80(dash-dotted linesto V/Vy= 0.50(full Ezng kgO®p, (1)
lines) leads to an increase of the frequencies in all modes.
This is the “normal” behavior, since usually a crystal hard- where ® is obtained from the loviF limit of the specific
ens under compressionV{ is the experimental equilibrium heat(phonons only.



RAPID COMMUNICATIONS

R3766 CHRISTENSEN, BOERS, van VELSEN, AND NOVIKOV PRB 61
2 T T T T C17e2 6 T T T T T TC176267]
3 T=290K -
15} """.,/ foc-Cs ] 5F fcc-Cs .
4 -
T s 3l
< o
= e
= a 2y
1 L
0 -
T R Al L
04 05 06 07 08 09 1.0
P(GP
(GPa) VIV,
FIG. 3. Thermakvolume expansion coefficient of the fcc phase FIG. 5. Isotherms for the fcc phase for the temperatures 0, 200,
for the temperatures 10, 20, 30, 200, and 290 K.
and 290 K.
1274 T)\3 , . o .
Cy=——nkg| —| , (2)  toa(note: volume expansion coefficient, i.e., three times the
S) Op linear coefficient and the bulk modulusp:
wheren=N/V is the concentration of atoms. A comparison
of the two sets of results in Fig. 4 further shows that the vCy
frequently used approximate relation Ed) yields a rather =g 4

good estimate of the zero-point energy.

Neither the isotherms shown in Fig. 5, nor any other iso- ) ) ]
therms which we calculated for fcc-Cs exhibit a van der USing the high-temperature values ef(Fig. 3, 290 K,
Waals loop even down t¥/V,=0.37. We do find that the together with Eq(4), one obtaingwith C,=3nkg) the y vs
phonons cause a softening of the lattice leading finally to/ @ shown in Fig. 6. This can be compared to Fig. 5 of Ref.

thermodynamical instability, but we do not find a first-order 9 Where a minimum iry is found neaV/V,=0.4, the mini-
fcc—fee transition. mum value being between 2 and —12 depending on ap-

The phonon contribution to the pressure as calculated iRroximation. This should be compared to the valt@.5 in
Ref. 9 is Fig. 6 here. Inserting this value in the model of Ref. 9, the
van der Waals loop would also disappear. But the present
Ppoh=3nkgT¥(V), (3)  calculations also differ from those of Ref. 9 with respect to
) L ) the prediction thaty should increase whew/V,, is reduced
wherey(V) is theoverall Gruneisen parameter. This was not pe|ow 0.4. Such an increase is necessary in order to stabilize
easily estlmate%lw!thm the Debye model. From our calcu- ap fec structure with smaller volume. Our calculations show
lations we can estimatg as a function ol from its relation that y almost exhibits a minimum av/V,=0.4, but just
below V/Vy=0.4, y decreases rapidly, and below 0.37 the

10_ L L e fcc phase becomedynamicallyunstable, and also unstable
L towards shearsq@’ becomes negatiye
8'_ Solids with negative thermal-expansion coefficients are
=t not unknown. Diamond- and zinc-blend-type semiconductors
g C-178-26(
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FIG. 4. EnergyE,,, associated with the atomic zero-point mo-
tion in fcc-Cs vs volume. The results shown with a full line were 0
obtained directly from th& —0 common limit ofF andE [Eq. (1)], '0.40 050 0.60 0.70 0.80
whereas the dashed line represents those calculated in a Debye A

model[Eq. (1)] with ® deduced from the low-temperature limit of
the phonon contribution to the specific heat. FIG. 6. Overall Grueisen parametet, as a function ofV.
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exhibit negativex at about 100 K; see for example Ref. 26 V=V,, 39.5 K, agrees with the value 39 K obtained from the
and the theoretical analysis by Biernacki and Scheffldihe  calorimetric data by Filby and Martitf.

behavior found here for fcc-Cs is different becausis pre- Thus, Cs-lI(fcc) softens as the applied pressure exceeds 3
dicted to be negative atll temperatures for pressures aboveGPa, but according to the present calculations a van der
3.5 GPa and up to the pressure at which the fcc structure i/aals loop does not form in the isotherms for two reasons:
dynamically unstabldaround 4.3 GPa So far no experi- (i) the decrease in phonon pressure upon compression near
ments have been performed against which this prediction cav/V,=0.4 is too small to compete with the increase in elec-
be tested. As some evidence for reliability of the presentronic contribution, andii) at the volumes where an upturn
results, it is mentioned that the thermal-expansion coefficiendf the phonon pressure should have stabilized an fcc struc-
calculated® for bcc-Cs at ambient conditions is 3.0 ture with “collapsed” volume, we find that fcc-Cs has be-
x10 * K~1. This agrees with experimental values cited in come dynamicallyunstable. This would suggest that Cs-llI
standard tabulations, and the Debye temperature of bce-Cs las a structure different from fcc.
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