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The crystal structure of cesium at pressures abev® GPa has been investigated using angle-dispersive
powder x-ray-diffraction techniques. The modification Cs-VI is found to be double hexagonal close packed
(dhcp, which is one of the two possible arrangements proposed earlier. No other phase transition is observed
at pressures up to 180) GPa. We also preseab initio calculations of the pressure-dependent enthalpies of
the phases Cs-I\(tetragonal, Cs-V (orthorhombig¢, and Cs-VI relative to that of a hcp lattice. In these
calculations all structural parameters were optimized. The theoretical results are in full agreement with the
experimentally observed phase transition sequence and structural parameters.

[. INTRODUCTION is predicted to be favored by the strong core repulidhe
earlier x-ray-diffraction patterns of phase VI could be in-
Cesium undergoes a series of structural phase transitiorsexed either with the hcp or the double hexagonal-close-
under high pressure. Six modifications are known to exist apacked(dhcp structure. The crystal structure assignment re-
room temperature: (bco), Il (fcc), lll (collapsed fcg, IV mained ambiguous partly because of phase coexistence. Our
(tetragonal, V (orthorhombig, and VI (hcp or double hex- €xperimental results clearly show the structure of Cs-VI to
—.d transition in CS(Ref. 9 is believed to play a major role Packing of spheres. ,
in the structural behavior, at least for pressures up to abOLg. .We have fur.thermore' theore’qcally explored the phase sta-
15 GPa corresponding to fourfold compressiohRemark- ility of Cs using denS|ty-fu_nct|onaI theory. Four different
able features of the phase transition sequence are t ystal structures were considered, the tetragonal Cs-I_V type,
isostructural fce-fee transitidrand the occurrence of the te- 1€ _orthorhomblc Cs-v type, hcp.and dhep. According 1o
tragonal phase IM(4.4—12 GPawith an eightfold atom earlier total-energy calculatiofiswhich were based on the
: ; g ; 11
coordinatio® The unusual decrease of the coordination/in®ar muffin tin orbital (LMTO) method,” the Sp core
number with increasing pressure from 12 in fcc to 8 in cs-vStates of Cs are significantly broadened at pressures above 10
has been interpreted in terms of a different bonding induce@P2 The stable structures under such conditions were pre-

by the s-d transition®'° Beyond phase IV the coordination dicted to be hcp a1P>l5 GPa, followed by bcc ap
number again increases with pressure. The recently dete >220 GPa. In the calculations presented here we have used

mined orthorhombic structure of Cs-Y12 to ~70 GPa, & full-potential version of the LMTO methdd:*3In contrast
space grout mca 0C16 in Pearson notatiomas two non,- to the earlier calculations the hcp structure is found to be the

equivalent crystallographic sites with coordination numberdignest in enthalpy throughout the pressure range from 5 to
of 10 and 11, respectivefy. 200 GPa. Our theoretical results predict a phase transition

In the present work we report an angle-dispersive X_ray_sequence in very good agreement with the experimental re-
diffraction study of phase Cs-VI. The crystal structure of thisSUltS-
phase, which was observed to appear near 72 GPa on in-
creasing pressure, has been investigated earlier up to 92
GPa’ At these pressures, where Cs is compressed to about Cs metal with a stated purity of 99.95% was enclosed in a
20% of its ambient pressure volume, a close-packed structuiRe gasket under silicone oil and pressurized in a diamond

II. X-RAY-DIFFRACTION STUDIES
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anvil cell (DAC) using bevelled diamond anvils. The initial L B B B B I IAI
diameter of the gasket hole varied between 40 ang.80 Cs ﬂ 1=0.4522 A 7
Pressures up to 100 GPa were measured by the ruby lumi- hep cale

nescence methdd. At pressures above 100 GPa the ruby i i
luminescence signal became too weak, and therefore pres- iy “ dhcp cale )
sures were estimated from thespacings of reflections from B ) n

16 ; ] i 8 35 i 8
the Re gaskét'!® measured with the x-ray beam positioned | ann._ A |

at the inner rim of the gasket hole. As a crosscheck, a Pt M
90 |

05
110

4

markelt’ was used in one experimental run carried out at
pressures from 91 to 116 GPa. Angle-dispersive powder
x-ray diffraction experiments have been carried out at the

Intensity (arb. units)

Photon FactoryPF) and the European Synchrotron Radia- | )
tion Facility (ESRB. Experiments at the PF were performed

on the bending magnet beam line 18C using a monochro- 68 1 4

matic beam with an energy of 20.00 ké¥Those at the B H : T
ESRF were carried out at the undulator beam line ID9 using 56 i :

27.42 keV radiation. Diffraction patterns were recorded on BDND ) M) BV NPV VS N
image plates. In the ESRF experiments the DAC was rocked ‘ 8§ Cmecacalc

by =0.5° to achieve better powder averaging. The image N PNV NN

plate was placed at a large distari@et5 m from the sample
in order to improve the angular resolution. Typical exposure
times were 30 min at the PF and 3 min at the ESRF. Diffrac-

tion images were analyzed using standard pattern integration g, 1. Powder x-ray-diffraction patterns of Cs taken at the

software!® All diffraction experiments were performed at ESRF. The diagrams are for phases C£5% GPa and Cs-VI(88

room temperature. GPa, annealddand for mixed phase&8, 79 and 90 GPaThe
Figure 1 shows selected powder diffraction patterns of Csirrows point to nonoverlapping diffraction peaks of C$222) and

at different pressures between 56 and 90 GPa, covering th@s-VI (110, which decrease and increase, respectively, in intensity

transition regime from Cs-V to Cs-VI. Up to about 65 GPa,with increasing pressure. For comparison, calculated diffraction

diffraction patterns characteristic of theC16 (Cmca patterns are shown for theC16 (Cmcg phase of Cs-V[a

phase are observédf. the observed and calculated diagram=9.937 A andb=c=5.880 A], the dhcp structure of Cs-Vla

at 56 GPa shown in Fig.)1At room temperature the transi- =3.015(4) A andc=9.790(15) A}, and a corresponding hcp ar-

tion to Cs-VI is sluggish. It starts at about 68 GPa, as indifangement.

cated by intensity changes and the appearance of new dif-

fraction peaks in the powder diagrams. The transition igig. 2, which also shows experimental PV data for Cs-V

completed at around 95 GPa. Above 95 GPa the diffractiofifom this work and the low-pressure data points for Cs-V

patterns show very little change with pressure. given in Ref. 3. The experimental volume difference be-
In order to obtain well-resolved diffraction patterns of tween Cs-V and Cs-VI amounts to 2:0%. In Fig. 2 the

single-phase Cs-VI, a Cs sample at 90 GPa was annealed $@lid lines drawn through the experimental data correspond

140° C for 3.5 h and subsequently at 180° C for 6.5 h. Theo fitted Vinet relation®’

pattern at 88 4 GPa shown in Fig. 1 corresponds to that of

|
8 10 12 14 16 18 20 22
20 (degree)

the annealed sample. For comparison, calculated patterns for P—Py=3Bop %(1—p)exp(n),

the dhcp structure and for the corresponding hcp arrange-

ment are also shown in Fig. 1. The observation of the reflec- p=(VIVy)3

tions 101, 103, and 105 in the experimental pattern clearly

indicates that Cs-VI has a dhcp structure rather than a hcp 7=15B"—1)(1-p). (1)

structure. Small discrepancies between calculated and ex-
perimental integrated diffraction intensities are attributed td-Here P, andV, are the reference pressure and volume, re-
preferred orientation effects. spectively, andB, andB’ refer to the bulk modulus and its
On the basis of our diffraction data taken in the transitionpressure derivative, respectively, aPq,Vy). The corre-
regime from Cs-V to Cs-VI, we cannot fully rule out that the sponding parameter values are given in Table I. Because of
dhcp phase of Cs-VI comes with some admixture of hcpthe large uncertainty in the pressure determination at pres-
structure. A quantitative estimate of phase ratios is difficultsures above 100 GPa, the param&epf Cs-VI was fixed at
due to correlations between preferred orientation effects and value of 4.
phase mixture. However, the fact that at pressures above 90 Figure 3 shows the experimental axial ratade andc/2a
GPa all reflections characteristic for dhcp structure are seeof Cs-V and Cs-VI, respectively, as a function of volume.
with approximately the expected relative intensities clearlyThe extremely small deviation of the orthorhombic structure
shows that the dhcp phase is the dominant phase. Diffractioof Cs-V from a tetragonal metrid{c=1.005 at 12 GPa; see
patterns consistent with a dhcp structure were observed up ®ef. 3 is not resolved at pressures above 30 GPa. In the
the highest pressure<(184 GPay/V,=0.1385) reached in region of coexistence of both phases the experimental axial
our experiments. ratios suffer from large errors due to strong overlap between
The pressure-voluméPV) data of Cs-VI are plotted in Cs-V and Cs-VI reflections. Above 100 GP&/ om
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a i i FIG. 3. Axial ratiosa/c, c/2a, andc/a for theoC16 (Cmca),
L - dhcp, and hcp phases, respectively, of Cs as a function of atomic
50'_—> i volume. The symbols represent experimental data, and the solid
L | lines refer to the calculated results.
- 1 is associated with the degree of localization of the exchange-
- calc . - . .
ok 4 correlation hole, to be 0.46n accordance with our previous
T B e T estimation$?) i.e., smaller than the “standard value” of

15 20 25 30 .
Atomic Volume (A%) 0.806 (Ref. 21). The LDA calculations lead to a non-

negligible overbinding in Cs. For example, the theoretical

FIG. 2. Pressure-volume relation for Cs. Open and closed symequilibrium volume of bcc Cs calculated from the electronic
bols represent experimental data for Cs-9¥Cl6Cmcd and  LDA total energies alone is-12% smaller than the experi-
Cs-VI (dhCF), respectively, at 300 K. The error bars indicate the mental value at room temperature_ App|y|ng the GGA we
estimated expel’imental uncel’tainti@Re the te)}t The thin lines f|nd23 that the electron|c |Sotherm of bCC CS has zZero pressure
passing through the experimental data points refer to fitted Vine{gy g volume, which is 4% smaller than the observed one. If,
relations[Eq. (1)]. The gray bars indicate the region of coexistence;, addition, the contributions from phonons to the energy and
of phases V and VI in the experiments. At the highest experimenta{entropy are taken properly into account, we #hthat the
pressurg 18420) GPd, Cs is compressed to 13@%6 of its am- GGA yields an equilibrium volume at=290 K which is
bient pressure volume. The solid lines marked calc represent Olgnly 2% too large, i.e., it is in good agreement with experi-
calculated PV relations for Cestatic lattice limi) in the 0C16 ment. The caIcuIaEidng presented here do not include thermal
(Cmcg and dhcp phases. The horizontal arrow indicates the cal- ff. t W | d structural . d th
culated phase transition pressure. etiects. e only need structura enerdyferencesan €

corrections of these differences due to the phonons are ex-
pected to be small. Also, full phonon calculations for the
rather complex structures in the relevant pressure range are
rather demanding in our scheme.

Structural parameters were optimized by minimizing the
lll. THEORETICAL RESULTS total energy through the application of what essentially is a
steepest-descent method. Atomic coordinates as well as cell
dimensions are optimized simultaneously at a constant vol-
ume value. The solution of the effective one-electron equa-
tions was performed by means of the LMTO metHdd the
full-potential version>!3 The semi core states, Cs-&nd
-5p, are treated a®cal orbitals?*?°in the same energy win-
dow as the valence states.

The calculated PV relations of Cs-V and Cs-VI and the
TABLE |. Fitted equation-of-state parametdiginet relation, gXI?(-:!erg(?t?vilsyalIllljjr:r(]:g(r)iga(l)ffi\':glgmﬁeaﬁnsgor\gg :E&gﬁlﬁ and
Eqg. (1)] for the phases Cs-V and Cs-W,,, By, andB’ are the ’ h lcul t d PV relati ield th t. |
atomic volume, bulk modulus, and pressure derivative of the bul 0 the caiculate relations yie € parameter vaiues
modulus at the reference pressig Errors refer to 95% confi- isted in Table l. For Cs-V and Cs-VI the results are close to
dence limits. The last row lists corresponding parameters for théhe eXpe”mer_‘tal values. We note however, that at §m§1]l vol-
calculated PV relation of rheniutsee the Appendix umes the estimated experimental pressures are 5|_gnn_‘|cantly
higher than the calculated pressures. There is no indication

<18.5 A%) thec/2a ratio of dhcp Cs adopts a value close to
that for an ideal close-packed dhcp structur®4=1.63).

We have theoretically examined the stability of four crys-
tal structures(tetragonal Cs-IV, orthorhombic Cs-V, hcp,
and dhcp using the local approximation to the density-
functional theory(LDA) as well as generalized gradient ap-
proximations(GGA). The results presented here were ob-
tained by application of the Perdew-Burke-Ernzerhof
schemé?! We did, however, choose the parametemwhich

P, (GPa) V, (A% B, (GPa) B’ that the experimental equation of state of rhenium, which
was used for pressure calibration in this range, may be in
Cs-V (expt) 12 30.60 6512 4.710) error. On the contrary, our calculated PV relation of Ree
Cs-V (theor) 11.4 3112 51 5.06 the Appendix agrees extremely well with the available ex-

perimental data. Therefore, the discrepancy between our cal-
culated results and the experimental PV data of Cs above
100 GPa may arise from rather large uncertainties in the

Re (theor) -39 14.686 371 4.19 pressure values derived from the rhenium gasket reflections.
The likely reasons for this are pressure gradients across the

Cs-VI (expt) 74 19.9210) 33040 4 (fixed)
Cs-VI (theor) 72.1 19.99 279.6 3.49
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FIG. 4. Calculated enthalpy differencéslative to hcp for dif- L . : . . L

1 | 1
ferent phases of Cs as a function of calculated pressure. The en- 0.6 07 08 0.9 1.0
thalpy values refer to optimized structural parameters. The calcu- Relative Volume V/V,
lated phase transition pressures are(310GPa for Cs-IV
(tetragonal to Cs-V (orthorhombi¢ and 5%5) GPa for Cs-V to
Cs-VI (dhep.

FIG. 5. Pressure-volume relation of rheniuky, refers to the
experimental equilibrium volume at 300 K. The solid line is the
calculated zero-temperatufstatic lattice isotherm. The open tri-

fthe di d ti I devi . angles refer to shock Hugoniot dafef. 16, the curve marked Liu
center part of the diamond tip as well as deviatoric stressegy 5 js gn extrapolation of the experimental results from Ref. 34,

for which we have not applied any CorreCtions' For the dat_aand the full dots represent data from recent x-ray-diffraction mea-
taken at the highest pressures we estimate the correspondiggementgRef. 35. The line marked “300 K Isotherm’ corre-
uncertainties in sample pressure determination to be abodhongs to the Birch relation of Ref. 15.

10%, as indicated by the error bars shown in Fig. 2.

For both phases of Cs the respective calculated axial rasyres(55 GPa to at least 200 GPaThis differs from the
tios are nearly constant, with a weak tendency to decreasgarlier calculatioh using the LMTO method in the atomic
with increasing compression for Cs-V. Taking into accountspheres approximatiofASA).'* These earlier theoretical re-
the experimental uncertainties, the calculated axial ratiogyits indicate that among the structures considéie bec,
agree with the experimental data. The theoretical values fofhcp, Sm-type, and hgphe hep structure is most stable
c/2a in the dhcp structure of Cs are close to 1.632, whichahove 15 GPa, followed by the bcc structure above 220 GPa.
clearly differs fromc/a~1.592 calculated for the hcp phase. The dhcp structure had always higher total energy than the
This might serve, when compared to experimental results, ascp structure. Although the ASA has been useful in predict-
an additional evidence of the dhcp phase existence ratheig trend$® in structural properties, its accuracy may not be
than hcp. The theoretical/c value for Cs-V which is indi-  sufficient to predict details for a specific material.
cated in Fig. 3 corresponds to 1.691. The other structural
parameters obtained from the optimization of th€16
(Cmca phase are axial ratib/c=1.011, positional param-
eter x=0.2148 for the Wyckoff position &(x,0,0), andy The phase transition sequence from Cs-IV via Cs-V to
=0.1759 andz=0.3256 for &(0,y,z). The corresponding Cs-VI is similar to the transition sequence in Si under high
experimental valués at 12 GPa area/c=1.699, b/c  pressuré/?® The hexagonal primitive phase Si-\16—38
=1.005, x=0.216, y=0.173, andz=0.327. We note that GP3 is closely related to the tetragonal phase Cs-IV. The
our calculations for Cs-V reproduce even subtle structuramain difference is in the arrangement of trigonal prisms; in
effects like for instance, the very small deviation from tetrag-the hexagonal primitive structure the prisms are all oriented
onal symmetry. in parallel, whereas in the Cs-IV structure the orientation

Figure 4 shows the calculated enthalpies vs pressure falternates by 90° in subsequent layers alongctheis?® The
the four modifications of Cs considered here. Allowing for high-pressure phase Si-\{88—45 GPais isostructural and
+0.5-m Ry numerical error in the total energies, the calcu-even isotypic to Cs-V! Si-VI transforms to the hcp structure
lations suggest that the Cs-V structure has the lowest er{(c/a=1.693) at higher pressures, whereas in the case of Cs
thalpy between 16 3 and 55-5 GPa. The dhcp structure is the transformation is to dhcp structure instead. Si exhibits an
lowest in enthalpy above 55 GPa all the way up to at leasextended coexistence ran@42 to ~49 GPa) of theoC16
200 GPa. Thus the calculated equilibrium transition presand hcp structureS. The mixed-phase region of Cs-V and
sures for zero temperaturtatic lattice agree very well VI is also large, spanning from-68 to ~95 GPa. This in-
with the ambient temperature experimental data on the Cs-IMicates small enthalpy differences in both cases, which is
to Cs-V transition, and on the Cs-V to Cs-VI transition. supported by the results of the theoretical calculations pre-

The present calculation suggests that the dhcp structure &nted here and in Ref. 28. The preference for dhcp structure
stable relative to the hcp structure over a wide range of presn Cs as compared to hcp structure in Si cannot be explained

IV. REMARKS AND CONCLUSIONS
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by a simple argument, because after all the energy differ- ACKNOWLEDGMENTS
ences between these two structures are very small, of the .
order of 1 m Ry/atom. We thank I. Loa, A. Grzechnik, T. Ino, and H. Nakao for

The dhcp structure is observed for several rare-earth mef€ir Nelp in the measurements. The experiments at the Pho-
als at atmospheric or high pressd?é! The well-known tON Factory were performed under Proposal Nos. 93G105
structural sequence of rare earth metals under high pressu"f‘é‘d 95G138.

(hcp—Sm-type—dhcp—fechas been correlated with the
d-band occupancy? The dhcp phase of Cs does not readily
fit into this scheme, because tBe-d transition is already APPENDIX

completed near 15 GPa, and core-core repulsion as well as . . : s
p-d hybridization are quite important in Cs at the volume The isothermal PV relation of rhenidftused in this work

where the dhcp phase comes into play. Although it is no{or pressuree calibration above 100 GP? i? based on shock
possible in our theoretical method to estimate exactlyshe WaV€ date’ In order to check whether this isotherm is con-
—.d charge transfer induced by the volume decreéibe sistent with predictions from flrst-prlnmp!es theory, we have
electrons in the interstitial sites cannot be assigned to a paf@/culated the PV relation of hcp rhenium in the pressure
ticular atomic orbital, we consistently observe higher elec- Fange up to 500 GPa using LDA theory and the full-potential
tron population of the valencesgstates and lower population LMTO method. Optimizations of the/a ratio give values
of 5d states inside the atomic spheres for the hcp structure &etween 1.62 and 1.61 for<OP<500 GPa. The calculated
compared to corresponding calculations for the dhcp strucPV relation is shown in Fig. 5. The zero-pressure atomic
ture at the same volume per atom. volume is obtained as 14.55%Ai.e., it agrees to within 1%

In summary, we have investigated the structural behaviowith the experimental volumeM=14.686 A/atom at 300
of highly compressed cesium. The structure of Cs-VI isK). For the bulk modulus and its pressure derivative at the
found to be dhcp, with &/2a ratio corresponding to that of experimentalV, (calculated pressur®,=—3.09 GPa) we
an ideal close packing of spheres. The phase Cs-VI is olsbtain Bo=371 GPa and’'=4.19. For comparison, Vohra
served to be stable up to at least (B3 GPa. The results of et al® gaveB,=372 GPa and®’ =4.05 for these parameter
our first-principles calculations for several high-pressurevalues, obtained from a Birch-Murnaghan fit to the 300-K
phases of Cs are found to be in very good agreement with thisotherm. We note a very good overall agreement of our
experimental structural parameters as well as phase transitidheoretical results and the available experimental PV data for
pressures. With the present results, structural information ishenium. Furthermore, the validity of the isothermal PV re-
available for all high pressure phases of Cs up to about 18ktion of Re (Ref. 15 up to pressures of 500 GPa is sup-
GPa. The only exception is the phase Cs-lll, for which theported by the results of our calculations. Inserting our calcu-
collapsed fcc structure was not confirmed in recent diffraclated equation of state parameters into &g results in a PV
tion studies>® Neither do finiteT calculationé® support the curve which, at the highest pressure of 500 GPa, deviates by
possibility of an fce—fcc (i.e., isostructuraltransition in Cs.  less than 0.5 GPa from our calculated pressse Fig. 5.
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