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The cubic-to-orthorhombic structural transition occurring in CsH at a pressure of about 17 GPa is
studied byab initio calculations. The relative stability of the competing structures and the transition
pressure are correctly predicted. We show that this pressure-induced first-order transition is intimately
related to a displacive second-order transition which would occur upon application of a shear strain to
the (110) planes. The resulting instability is rationalized in terms of the pressure-induced modifications
of the electronic structure. [S0031-9007(97)03462-5]

PACS numbers: 64.70.Kb, 62.50.+p, 63.20.Dj, 63.70.+h

In recent years the availability of the diamond anvil- vibrational properties are determined using the density-
cell technology [1] has renewed the interest in the highfunctional perturbation theory (DFPT) [17].
pressure properties of alkali halides which are the simplest In Table | we report our results for some structural prop-
and prototypical among ionic solids. Inthe case of cesiunerties of CsH in the three phases studied h&%g: B2,
halides, these studies have been carried out especially and CrB. The LDA fails to account for the stability of
the search of band-overlap metallization which occurs athe rocksalt structure at zero pressure (negakive— B2
pressures in the Mbar range. In the quest of metallizatransition pressure), while GC calculations predict the cor-
tion, unexpected phase transformations to tetragonal anéct sequence of transitions. GC-DFT also considerably
orthorhombic structures have been observed experimeimmproves the agreement between calculated and observed
tally [2—6] and studied theoretically [6—9]. equilibrium lattice parameters and bulk moduli. The in-

Metal hydrides are considerably more covalent than thelusion of Cs semicore states in the valence manifold
corresponding halides. In fact, transition-metal hydridesmplies that the pseudopotential transferability is optimal
are considered to be covalent materials, whereas alkali hyround the corresponding orbital energies, rather than at
drides are structurally rather similar to the correspondindhe energies of the valence states. As a consequence, this
halides. Alkali hydrides at zero pressure crystallize in thereatment of semicore states—although essential to obtain
rocksalt (cubia1) structure, while most of them undergo a sensible results [8]—might require the use of more than
transition to the cubi®?2 (CsCl-like) structure atan applied one reference state in order to ensure optimum transfer-
pressure of a few GPa [10—12]. Recently, a second trarability. Whether or not the relatively poor quality of the
sition from theB?2 structure to a new orthorhombic phase LDA predictions is due to deficiencies in the Cs pseu-
has been observed to occur in CsH at an applied pressudepotential and the improvements achieved by using GC-
of about 17 GPa [13]. The new phase has been assign&FT due to a fortuitous cancellation of errors is a mat-
the CrB structure which belongs to tii; space group. ter which deserves further investigations. In any events,

In order to assess the driving mechanisms of this traneur results seem to confirm the importance of the gradient
sition we have undertaken a series of first-principlescorrections to the LDA in the description of structural
calculations of the electronic, structural, elastic, and

vibrational properties of CsH as well as of their depen-.l. BLE |I. Comparison between calculated and experimen-

dence upon pressure. To this end, we have employegly observed structural properties of CsHa, (a.u.) is the
density-functional theory (DFT) within the local-density equilibrium lattice parameter in the3l phase, B, (GPa)
approximation (LDA) [14], and its gradient-corrected the bulk modulus,P}y and P5 the transition pressures (GPa)
(GC) generalizations [15]. Our calculations have beerio the B2 and CrB structures, respectively, whileV, and
performed using norm-conserving pseudopotentials [16}2 V> are the corresponding volume changds./V, is the ratio
In the case of Cs5s and5p semicore states have been of the volume at theB2 — CrB transition to the equilibrium
. volume.

treated as valence states. For LDA calculations we have
used the same Cs potential as in Ref. [8], while hydrogen a  Bo Pi AVi Py AV V,/V

is described by a norm—cons_erving pseudopotential CONfpa 1162 113 —08 18.0% 11 45% 0.63
structed for thels wave function, so as to smoothen it g¢ 1225 103 15 12.5% 15 4.0% 054
somewhat and make our calculations well converged wittexpta 12.07 80 0.8 8.4% 17 6.3% 0.53
the 25 Ry kinetic-energy cutoff which we use. New po-
tentials have been generated for GC calculations. ThéRef. [13].

4958 0031-9007797/78(26)/4958(4)$10.00  © 1997 The American Physical Society



VOLUME 78, NUMBER 26 PHYSICAL REVIEW LETTERS 30UNE 1997

phase transitions, recently claimed in the case of the diahe lower symmetry of the CrB structure with respect to

mond to B-tin transition in silicon [18]. Both LDA and the cubic one, the actual value &f/a slightly differs

GC-DFT calculations correctly predict that a transitionfrom the ideal one and depends somewhat on pressure.

from the B2 to the CrB phases would occur at pressuresThis dependence is, however, very weak: at the transition

somewhat larger than 10 GPa. In this case too, GC-DFpressure, for instance, one haga = 2.9. The third

gives a value of the transition pressure in closer agreemeutystallographic axis is orthogonal to tle plane, and

with experiments (15 vs 17 GPa). Note, however, that—the corresponding crystallographic parameter has an ideal

due to hysteresis effects—the experimental estimate donelue ¢ = v/2a. The pressure dependence ofa is

when loading the sample [13] only provides an upper limitsomewhat stronger than that bfa: at the transition, for

to the transition pressure. Also the volume discontinuityinstance, one has/a = 1.3.

and the ratio between the transition volume and the equi- In order to understand the interplay between the shear

librium one are well reproduced by our calculations. and the atomic distortions in determining the pressure-
In Ref. [13] it was noted that the CrB structure caninduced structural instability of the CsCl phase and to dis-

be derived from the CsCl parent structure through antangle their effects as much as possible, we have studied

displacive transition involving(s or X5 mode softening. the energy landscape of our system as a function of the

We do not find any evidence of such a softening. Thevolume,V, and of the amplitudes of the shear and atomic

CrB structure can also be viewed as resulting from aeformations which we measure through the parameters

continuous deformation of the cub&2 structure in which ¢ = tan(a) X b/a andu = x/a, respectively [19]. At

a shear of the cubic edges in the (110) planes is coupleahy given pressure, the stable phase is that which min-

to a microscopic distortion of the atomic lattice, havingimizes the enthalpyH = E + PV. In Fig. 2 we show

the periodicity of a zone-border transverse phonon athe enthalpy of the system as a function of amplitude of

the M point of the Brillouin zone (BZ),q = (%,%,0), the shear deformation, as calculated by minimizing the

with symmetryM, , and polarized alon@01). In Fig. 1  energy with respect ta, at given values ofV and r.

we display how the distorted (110) plane (lower panel)We see that at any positive pressure a second minimum

results from the combination of the shear (upper left)exists fors = 1, corresponding to the CrB orthorhom-

and the atomic (upper right) deformations. In the idealbic structure. Actually, the exact value afslightly de-

CrB structure thea and b crystallographic parameters pends on pressure because so dbgs. For pressures

indicated in Fig. 1 are in the ratid/a = 2+/2 which  higher thanP> =~ 11 GPa the second minimum becomes

would be appropriate to a cubic structure. Because ofnore stable giving rise to a first-order phase transition.

The amplitude of the atomic distortion which minimizes

the enthalpyumi,, depends om, but fors = 1 (i.e., in the

CrB phase) it is constrained by symmetry to g, =

1/4, independent of pressure. The dependenca,.gf

upon the amplitude of the shear distortionjs shown in

the inset of Fig. 2. We see that,;, remains equal to zero

up to a critical value of = * which depends on pressure,

and that it saturates /4 for r = 1. This behavior is typi-

cal of the order parameter at a second-order phase tran-

sition, and it indicates therefore that a phonon frequency

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 1. Decomposition of the distortion leading to the CrB t

structure (lower panel) into a shear (upper left) and an atomic

(upper right) contribution. Large and small circles represent C$-IG. 2. Enthalpy vs angle of deformation for different values
and H atoms, respectively. Dark and light shading refer to theof the applied external pressure. In the inset we show the cor-
topmost and second (110) layers, respectively. responding values of the amplitude of the lattice distortian,
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softens when the shear distortion becomes larger than small applied pressure lifts the degeneracy between the
This fact is illustrated in Fig. 3 whose upper panel displaysralence-band maxima, raising tirepoint with respect to
the frequency of thé/, phonon mode as a function of the R. The resulting fundamental band gdf),, corresponds
shear distortionz, for different values of the applied pres- therefore to aX — R transition, whose transferred mo-
sure. As one sees, at any non-negative pressurédfthe mentum isM = (2 20) i.e., the wave vector of the phonon
frequency vanishes for some critical valuerpf*, which  which goes soft. In Fig. 4 we display the electronic en-
becomes smaller the larger is the applied pressure. Wergy bands of CsH & = 17.5 GPa, for(r = 0,u = 0),
conclude that a second-order phase transition whose ordfar (+ = 0.3,u = 0), and for(r = 0.3,u = 0.086), where
parameter is the amplitude of tiM, distortion,u, would  the latter value of: corresponds ta,;,(r = 0.3), i.e., the
occur upon application of a shear deformation, when itvalue which minimizes the crystal energy for the given
amplituder reaches the critical valug. The lower panel value oft. In the distorted structure—corresponding to a
of Fig. 3 shows the dependence of the energy dgap, nonvanishing value of—the R and X points are folded
upont, for different pressures. The filled symbols indicateto the same point of the BZ, and so are theand M
the data obtained for the values mfwhich minimize the points. The gap, which is indirect in cubic symmetry,
crystal energy at the given valuef: = uni, (¢), whereas becomes thus direct in the distorted structure. We see that
the open symbols corresponditc= 0. One sees thatthere the shear distortion considerably favors metallization, and
is a marked correlation between the closing of the gap anthus enhances the screening of the phonon frequencies
the softening of the phonon and that the atomic distortiorat the M point of the cubic BZ. The atomic distortion
induced by the phonon softening acts so as to oppose tleorresponding tou = uy;, acts so as to reopen the
tendency to metallization. gap. As one sees in Fig. 3, at small pressures,Mhe
The mechanisms driving the softening of tid¢,  phonon frequency softens almost for the same values of
phonon are indeed strictly related to the metallization oft for which the gap closes, whereas for pressure larger
CsH under an applied pressure and/or shear deform#han~18 GPa, it takes a larger value ofto soften the
tion. At equilibrium P = 0, r = 0), the maximum of phonon frequency than to close the gap. If the bands
the valence band is practlcally degenerate between thgere parabolic around the valence- and conduction-band
R = (31%) and X = (003) points of the BZ, and the edges, the phonon would go soft at the metallization.
minimum of the conduction bands lies at tRepoint. A In fact, the independent-electron polarizabilitys(qas),
would diverge logarithmically in this case [20], and the
restoring force for a lattice distortion of wave vecigy;

ook E:?S%P;a: would correspondingly vanish. When the valence and
P=24 GPa...... conduction bands have different shapes, the logarithmic
sor divergence would no longer hold, and all that can be said
60 Furrrinnngey, in this case is that the more these shapes are similar, the
8 4Ff ""t;~\ more metallization contributes to the phonon softening.
w0k PR In any events, when the amplitude of the shear distortion
0 \‘ . is larger thant*, the spontaneous atomic distortion due
20i b PR to phonon softening reopens the band gap and makes
M , the orthorhombic phase insulating, in agreement with the
P=0 GPa m behavior ofE, found in [21].
P=18 GPa @
25F P=24GPa @
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FIG. 3. Upper panel: frequency of th&, phonon mode
(cm™1!) as a function of the amplitude of the shear deformation,FIG. 4. Electron energy bands of CsH near the fundamental
t, for different pressures. Lower panel: fundamental energyenergy gap (which is indicated by the shadowed area) at
gap (eV) as a functionm for different pressures. Full symbols an applied pressure of 17.5 GPa. Left: cullig2 structure.
indicate data corresponding to the value of the atomic-distortioiMiddle: structure corresponding to a finite shear distortion, with
parametery, which minimizes the crystal energy for the given no microscopic atomic distortioru(= 0). Right: same shear
value oft, u = uni, (1), whereas the open symbols corresponddistortion, including a microscopic distortion which minimizes
tou = 0. The lines are guidelines for the eye. the crystal energy for the given value ofu = up;, (7).
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