PHYSICAL REVIEW B, VOLUME 64, 245114

Origin of the c/a variation in hexagonal close-packed divalent metals
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The origin of thec/a variation in hcp divalent metal@Be, Mg, Zn, and CH which ranges from 1.568 to
1.886, has been investigated by first-principles full-potential calculations in the framework of the density
functional theory. We find that the ideal hcp structucéa(=1.633) is electronically unstable tda distortions
for all elements, however the distortion driving band energy is countered by the electrostatic part of the total
energy, which favors the ideal close packing. In particular, Zn and Cd eyéhratios > ideal follow the
bonding principle of optimum hybridization betwesmandp valence bands, a situation similar to the metallic
elements in the neighboring group-llla in the Periodic Table. For Mg the electronic instability is not effective
because the electrostatic part of the total energy dominates over the band energy. However, under expansion a
distortion toc/a ratios> ideal occurs. Finally, Be represents a special case. Typically of second-row elements,
s andp valence bands mix intimately which creates an electronic structure quite distinguished from the other
divalent metals. Ac/a distortion cannot improves-p band hybridization bup-p bonding is increased for

c/a< ideal.
DOI: 10.1103/PhysRevB.64.245114 PACS nuni®er71.15.Nc, 71.20.Be
[. INTRODUCTION physical properties and as examples the melting points, co-

hesion energies, and magnetic susceptibilities are compiled

Divalent metals with an atomic electron configurat&fn  together with the correspondinga ratios in Table 1. We
exhibit an astonishing variety in their elemental ground statenay use the differenfouten core electron configurations of
structures. All prominent sphere packings typical of metal the atoms to organize the structures: when the atomic core
structures are present: Be, Mg, Zn, and Cd adopt the hexageensists just o6 electrongBe: [ s?]s?) thec/a ratio is lower
nal close packethcp structure, Ca and Sr the face centeredthan 1.633, when the atomic core consistss@nd p elec-
cubic (fcc) packing, and Ba the body centered culfico  trons (Mg: [s?p®]s?) the c/a ratio is close to 1.633, and
structure. Finally, «-Hg forms a rhombohedral structure when the atomic core consists ®andd electrons(Zn, Cd:
which is related to fcc. Obviously, hybridization between the[s?d*°]s?) the c/a ratio is larger than 1.633. As a conse-
svalence band and conduction bands have to account for trfgence it appears tempting to put down the structural differ-
stability of the divalent metal structures because otherwis€nces to the different core configurations.
the closed-sheli2 configuration would result in an antibond- ~ The number of theoretical investigations on hcp divalent
ing situation for any structural arrangement when describingnet@ls is legion. As a selection we mention the work by
bonding interactions on the level of one-electron theory. onarty’.s who first recognized the structure dependence of

Putting aside Hg where relativistic effects are the hybridization to be res_pon5|ble for the laya ratio of
predominant, the different orbital nature of the overlapping Zn and _Cd’ the work bY Singh af_‘d Papacqnstgntop&dns
conduction band allows for a first structural classification the stafic and electronic properties of Zn in different struc-

tural alternatives, the work by Brennan and Burfietho
For Be, Mg, Zn, and Cg valence electron levels are closest .
; ; compared the electronic structures of Ca and Zn by means of
to the occupied levels whereas thé levels are energetically

. . semiempirical tight-binding calculations, and the work b
well separated. As a consequence, in their elemental structu P g 9 y

o _ . . Novikov et al® on the pressure dependency of tia ratios
s-p mixing occurs which is obviously linked to a preferred ot 7, ang cd. Concerning structural and electronic proper-
formation of the hcp structure. On the other hand, the heavigtoq o Be, e.g., Blaha and Schwiand Chouet all® made
alkaline earth metals Ca, Sr, and Ba have low lyihigvels
leading to a pronounceslp-d mixing in the elemental struc-
ture. According to extensive investigations by Moridftghe
d band contribution stabilizes the fcc structure over the hc .
structure in Ca and Sr and, moreover, its drastic increase jftmon) ] of hcp divalent metals.
Ba, which approaches transition metal behavior, is leadin
finally to a stable bcc structure. %roperty Be Mg Zn cd

TABLE 1. Structural and physical propertidsnelting point
F;MP), cohesion energyH..), and molar magnetic susceptibility

A closer look at the hcp metals reveals a wide range irc/a (Ref. 29 1568 1.624 1.856 1.886
their ¢/a ratio, where the lowest value of 1.568 is found for Mp (°C) (Ref. 26 1290 650 421 323
Be and the largest value of 1.886 for Cd. For Mg witb/a  E_,, (kJ/mo) (Ref. 26 320 145 130 112

ratio of 1.624 the situation corresponds virtually to the casg, . (10" m¥mol) (Ref. 33 —11.5 +17.8 —11.7 —25.1

of an ideal close packing where/a=/8/3 (1.633. The Xmd-Xmol.core (1071 m¥mol) —11.0 +21.8 +1.3 +2.9
“structural diversity” of those metals is also reflected in their
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earlier contributions within the local density functional
scheme. However, comparative studies of divalent metals are
rare or incomplete. In the early 1970’s Heine and Wéaire
and later Hafner and Heifeproposed—in the context of
qualitative pseudopotential theory—the distorted hcp struc-
tures in Zn and Cd being a consequence of a decreased ratic
between the ionic core radius and atomic radits/R,)
compared to Mg. More recently Daniwk al® presentechb

initio band structures and Fermi surfaces of Mg, Zn, and Cd,
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but their focus was on the comparison with otfadr initio
calculations and experiment rather than interpreting the dif- r z r z
ferences in the structural properties. In the present paper we (b)

analyze in detail how hybridization of theand p valence 025 _
bands influences th&/a ratio in the hcp divalent metals and Be % Mg -, 7n ° _
thus extend our earlier developed general bonding picture for Q@D °, . -
the metallic elements of group-lllAAl, Ga, In, TI).1*%In z o, .
addition we apply the idea of expansion for establishing elec- 2 01 pn_-' ] pn__.-'% ] P 2
tronic structure relationships between isovalent metals which & I °
complements the traditional studies of structural stability as a " o 06

° 1 1 ¢

function of compression. Our work is based on high- 025 &
accuracy full-potential calculations in the framework of the
density functional theory.
Computational details are given in Sec. Il. Section lll is  -05
devoted to the theory of band hybridization in divalent met-
als with hcp structure. Section IV contains the results of FIG. 1. (a) Schematical representation of the interaction be-
first-principles calculations and discussion of the structuratweens andp valence bands in the band structures of main group
stability of these elements. A summary and conclusions arelemental solid§based on Ref. 16 Weak interaction is shown in
given in Sec. V. the left hand part, strong interaction in the right hand part. Dashed
lines approximate the dispersion of the unhybridizedninteract-
ing) bands. The orbital combinations indicate the bonding character
of the bands(b) The band structure of linear chains of Be, Mg, and
Zn, and Cd Zn atoms with atomic distances of 2.255, 3.203, and 2.781 A, re-
dspectively. Thes orbital character of the wave functions is propor-
tional to the size of the circles. The unit of the energy is(RyRy
~13.6 eV).

Z T ZzT Z

II. COMPUTATIONAL DETAILS

Total energy calculations for hcp Be, Mg,
were performed with the full-potential linearized augmente
plane wave(FLAPW) method?® As experimental ground
state volumed/, we took the values reported in Ref. 29 for

298 K: Vo (BE=8.110, Vo (Mg)=13.418, Vo (Zn) GGA according to Perdew, Burke, and Ernzethiof our

=15.214,V, (Cd) =21.599 A per atom. The band struc- . . . .
ture of linear chains of Be, Mg, and Zn with an atomic Sepa_calculatlons for Zn gnd Cd. The reciprocal space |nt.egrat|ons
ration of 2.255, 3.203, and 2.781 A, respectivéiyerage were performed W'.th the tetrahedron method. using ka72
nearest neighbor distance in the respective elemental strufpmts in the irreducible part of the hexagonal Brillouin zone.
tureg, were calculated by using a simple hexagonal structur h order to ensure convergency s:_averal s_tandard tests were
where thec/a ratio has been decreased to such an extent th&{{erfqrmed, su_ch as the effe_ct of increasing the number of
an array of noninteracting linear chains separated by 10 -points used in the summation over the BZ, etc.

resulted. In full-potential techniques within density func-
tional theory basis functions, electron densities, and poten-
tials are calculated without any shape approximation. These
methods belong to the most accurate ones to date concerning
studies of structural stability. In particular we used well- The mechanism o8-p band hybridization ois-p band
converged plane wave sets with a cutoff parametemixing is most easily visualized by studying a simple model
RimtKmax=9.0 for all elements. The Znd3(and Cd 4l) states  system consisting of a one-dimensional chain of atoms as
were treated as local orbital® For Be and Mg we used the suggested by Burdetf. As schematically depicted in Fig.
local density approximationLDA) with the exchange- 1(a) the ¢ interactings and p, bands run oppositely along
correlation potential parametrization according to Perdevwthe reciprocal direction' —Z and when the dispersion

et al3! For Zn (and Cd, however, LDA fails to reproduce (band width of the bands is large enough, their interaction
the experimental equilibrium volume and thus yields opti-leads to an opening of a hybridization gazafccompanied
mum c/a ratios too large in total energy \«3a calculations  with the gap formation is a change in the bonding character-
at the respective experimental equilibrium volumes. It isistics of the bands: the lower band becomes completely
known that the more advanced generalized gradient approxbonding whereas the upper one turns into a completely anti-
mation (GGA) overcomes this problefhThus we applied bonding one. Thus, in the case of strosg mixing the

IIl. BAND HYBRIDIZATION

A. Model system: One-dimensional chains
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TABLE Il. Energy of the atomic one-electron valence levels of
the hcp divalent metal@Ref. 39.

A,

Be Mg Zn cd
€ (eV) -9.32 —-7.64 -9.39 —8.99
€, (V) —6.60 -4.93 —5.38 —5.26
Aegy (V) 2.72 2.71 4.01 3.73

one-dimensional chain gets maximally stabilized with an
electron count corresponding to a completely filled lower
band. Now we analyze the situation in chains built up by Be,
Mg, or Zn atoms with atomic distances corresponding to the
average nearest neighbor distance in the respective elemental
structures. Figure (b) shows the band structures of those
chains(including the degenerated band stemming formsthe
interactingp, andp, orbitals. Firstly we observe that the Be
chain matches perfectly the situation of straag mixing as
displayed in the sketch above attaining a hybridization gap of
4 eV. In the Mg and Zn chains just weakp interaction
takes place which is not strong enough to open a gap.

The degree o6-p mixing is dependent on the size of the
energy separation between the atom@ndp levels (A eg)
and on the size of the dispersion of thandp bands. The
dispersion of the bands is firstly determined by the size of the
overlap between the atomic orbitals and secondly by how
strongly the valence electrons are bonded to the core of the
free atom(which is reflected by the energies of the atomic
levelse; and e,). Comparing bands resulting from the same
valence state of different elemen(esg., Be 3 and Mg )
the state lower in energy will produce the more dispersed
band, provided that the amount of nearest neighbor overlap

between the corresponding orbitgésg., Be (3-2s) and Mg I M
(3s-3s)] is not too different. Thus, if only referring to the o
trend in the atomic energies of tiseand p levels and their FIG. 2. The upper part shows the Brillouin zone of the hcp

separation'summarized in Table Jithe electronic structure Structure with symmetry points specified. In the lower part she
of the chains can be established qualitatively. Be has lo#and topologies alonfi-A andI’-M as obtained from the analytical
lying sandp orbital energies giving rise to a large dispersion e;(pr:ess'on W't.h'nht'ggf'?qmg_'uc.keb.theory(Ref' 37)' The unit
of the corresponding andp bands(this is also recognized in of the energy is the Fitkel interaction integrah (<0).

the p-7 bandg. Additionally Aeg, is small. As a conse-
guence strong-p mixing occurs which is accompanied with
the formation of a large hybridization gap separating the We first have a look at the-s interactions in the hcp
completely bonding loweo band from the antibonding up- structure. The two atoms in the unit cell of hcp will produce
per one. Thes and p bands of Mg have a low dispersion two s bands. It is easy to study the topology of these bands
(highers andp orbital energies compared to Beut the quite by using simple tight-bindingTB) Huckel theory where it is
small A e, still ensures a moderagep mixing which, how-  possible to obtain an analytic expression of theand dis-
ever, is too weak for producing a hybridization gap. Finally, persiones(k).}” In Fig. 2 the directiond’-M andT'-A are

in Zn thes andp bands have a large dispersion but the alsadisplayed together with the Brillouin zoriBZ). These direc-
large A€, prevents substantia-p mixing and thus Zn at- tions give an impressiotbut not a complete pictuyef in-
tains a similar state of hybridization as Mg. For the latterterlayer and intralayer bonding, respectively. In Fig. 3 she
metals theo bands are grown together ases antibonding  orbital combinations at the symmetry poirdts A, andM are
andp-p bonding states mix around the edgef the BZ. The  shown. Following the lower band frodi to A it turns from
simple one-dimensional chain model structure already probeing both, completely intralayer and interlayer bonding at
vides essential information on the dispersion of the valencéwave functionl's;, 12 bonding nearest neighbor contacts
bands and the amount efp hybridization for the elements result in a Hekel energye=1283) to being intralayer bond-
considered, which—as we will see—also holds for the hcpgng and nonbonding between the layersfatwave function
structure. A,e=6p). At Athe upper and lowes band are degenerate.

B. The (ideal) hcp structure
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band to antibonding af' [wave functionsl', (Fig. 3) and
I'p > (Fig. 4]. Thus, the twos and two p, bands in the
sectionl'-A of hcp mirror thes andp, band topology in the
one-dimensional chain after having folded the bafuitsu-
bling of the chain unit cell, see Fig(d]. As for the linear
chains-p band mixing alond"-A in hcp can occur when the
widths of the bands are large enough. Then their interaction
leads to the opening of a hybridization gaplatvhere the

top of the upper band changes its bonding characteristics
from interlayer s-s antibonding (s,) into interlayer p-p
bonding (l“pzl). In the next step we analyze the accurate and

extendedab initio band structures for Be, Mg, and Zn in the
ideal hcp structure at their respective experimental ground
state volumed/,. They are shown, together with tisep,,
andp,(py) orbital character of the bands and the correspond-
ing density of state¢$DOS) curves in Figs. 5-7. We do not
present results for Cd because the band structure of this ele-
ment is very similar to that of Zn.

For beryllium[Fig. 5@)] we notice larges-p hybridiza-
tion (as expected from the linear chain respitich effec-
tively raises all thes-s antibonding parts of the bands above
the Fermi level. This is distinctively seen along the lIneA
Departing fromA the upper band evolves more and more(s-p, hybridization and in the planeA-H-L [s-px(py) hy-
interlayer antibonding and dt the wave function becomes bridization]. Because the resulting hybridization gaps—uwith
competely antibonding between the layévgave function sizes up to several eV—coincide with the Fermi level they
I'y,, e=0 (6 bonding and 6 antibonding nearest neighborsum up to a pronounced pseudogapmost a real band gap
contacty]. Along the directiorl’-M the lower band develops at the Fermi level in the DOfFig. 5b)]. Note, that hybrid-
from being completely bondingI;) into a situation with ization gaps in three-dimensional structures are usually local
two bonding and four antibonding contacts within the layersPand gapsi.e., they occur for a particular direction or plane
and 4 bonding and two antibonding interactions between th#) the B2. In Fig. Sb) it is clearly seen that the state
layers [wave function M, e=0 (nett nonbonding. The contribution to the DOS at the_ Fermi level is virtually zero
upper band starts off the interlayer bonding and intralayefNd that thefew) bands crossing the Fermi level have al-
antibonding combination dt (I'g,) and ends aM with two most exclusivelyp character.

: : : s For magnesiuniFig. 6@] s-p mixing is considerably
bonding and 4 antibonding contacts both within and between s o
the layergwave function M,, €= — 42 (nett antibonding. weaker than for Be. The small hybridization gdpsth sizes

. A . : of some tenths of an e\kither are located above or below
Clearly, when just considering-s interactions the hcp 9

: the Fermi level(at I', L, H, and about halfway betwedn
structure does not provide a stable arrangement for the ele

) X Ynd M). It is remarkable how well the topology of the
tron count of divalent metals and thus the mechanisrs-pf bands alond™-A andT’-M resemble those of the simple TB

band mixing has to release unfavoratdes antibonding  pangs(see Fig. 2 This is the case even for the high lying
states above the Fermi level. In this respect the dlrectlor@jpperS band along’-M (I',-M,). At I' the bottom of this
I'-A is especially instructive because it resembles the Situ%and(which is intralayer bonding and interlayer antibond-
tion of the o interactings and p, band in a linear chain. ing) is situated below the Fermi levéfor Be it is raised
Along I'-A the p, bands in hcp have the same topology asaboveEg). TowardsM with increasing energy it turns more
the s bands: Both types of bands are completely intralayeand more antibonding. About halfway alohigM interaction
bonding(the interaction of thes bands is ofo type and that with the downward runningp,(p,) band takes place
of the p, bands ofw type) and changes the interlayer bond- which opens a gap above the Fermi level and disrupts the
ing characteristics from completely bonding in the lowers band topology. The DOS of MdFig. 6b)] exhibits
band afl” [wave functiond’; (Fig. 3 andl'y, ; (Fig. 4]to  parabolic behavior unti-1.5 eV below the Fermi level
nonbonding atA, and form nonbonding a in the upper Wherg structuring QUg te-p hybridization takes place. The '
location of the hybridization gaps below and above the Fermi
level coincide with the dips in the DOS around the Fermi
level.

The band structure of zind=ig. 7(a)] resembles that of
Mg, especially around the Fermi level—however, the sizes
of the hybridization gaps are largén the range of 1 ey
This gives rise to a pronounced well in the DOS slightly
below the Fermi leve[Fig. 7(b)]. Most conspicuous is the
FIG. 4. p, orbital combinations at the symmetry point occurrence of the @ bands at an energy of 8 eV below

FIG. 3. s orbital combinations at the symmetry point§
A, andM.
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FIG. 5. (a) The top panel depicts the band structure of Be inthe  FIG. 6. The energy band structu@ and density of state®) of
ideal hcp structure at the experimental ground state volume. AddiMg in the ideal hcp structure at the experimental ground state vol-
tionally, importants-p hybridization gaps are indicated by grey ume. See caption of Fig. 5 for detailed explanation.
areas. In the following panels tisgp,, andp,(p,) character of the
wave function, which is proportional to the size of the circles, is
shown.(b) The total density of statg®old line) together with thes
(continuous ling, p, (dotted ling, andpy(p,) orbital (dashed linegs

gued that the Zn @ states play an important role in stabiliz-
ing the distorted hcp structuPeHowever, those states do not
contributions of hcp Be. For clarity, the orbital contributions to the '”f'“er?ce the band structure around the Fe_rml level Whlph
DOS have been multiplied by a factor 3 with respect to the totaleSpeC'a“Y is the case for even more hcp distorted Cd with
DOS. well localized 4 (pseudocorestates. We want to show that
the occupied states indirectly influence the stability of hcp
the Fermi level which are confined to a narrow range ofZn and hcp Cd by affecting the energy of the atomic valence
about 1.8 eV.(For Cd the 4l states are just touching the levels s and €,. And those energies predominantly deter-
bottom of the 5 valence band® Recently, it has been ar- mine the amount o§-p mixing which, as we will see later
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IV. STRUCTURAL STABILITY

(a)

]

A. The ground state volume

The problem of structural stability of elemental solids is
preferably tackled by dividing the total energy into the band
energy E’2" which represents the sum over the occupied
one-electron states, and a part containing the remaining con-
tributions, of which the electrostatidViadelung energy is
the most significant. The band energy can to a good approxi-
mation be reduced to the contribution of the valence elec-

trons Eba”d:fzge DOS(e)de, where e, denotes the bottom

of the valence bandg is the Fermi level, and DOS¢] the
density of states of the valence electroB$2™ favors the
formation of open packed structures in which the atoms are
closer to each other and thus covalent bonding can be real-
ized. The electrostatic contributiorisummarized agMad)
display an antagonistic behavior with the tendency to stabi-
lize high-symmetry close-packed structures. For most of the
main group elements from groups IVa to VIE?2"%is deter-
mining the elemental structures which is manifested in the
validity of valence rules which link electron counts to par-
ticular geometrical arrangements of atoms. The decrease of
the number of valence electrons to three in group-llla termi-
nates the clear link between electron count and geometrical
structure in elemental solids leading to a delicate interplay of
Ep EPandandEMad which is responsible for the occurrence of the
open packed metallic structures of Ga and“£'°For the
divalent metals with an electron count of &' could be
expected to dominate ov&P2"d However, the large range in
L the c/a ratios of the hcp divalent metals indicates tEAt"™
AMLK H still influences structural stability.

Figure 8 shows the total energy and the band energy of
Be, Mg, and Zn as a function @fa at the respective experi-
mental ground state volum&%, of the elements. Two impor-
tant results emerge: first full-potential calculations quite ac-
curately reproduce the experimentela ratios of those
elements, i.e., the experimental values are obtained for Be
and Mg (see Table)land a value just slightly higher for Zn
(1.878 compared to 1.856Secondly, for divalent metals the
ideal hcp structure appears unstable againatdistortions
) for electronic reasons because for all three elements the band
L energy does not attain a minimum afta=1.633. A closer
U —— look at the changes of the electronic structures under distor-
120 80 -40 0 40 80 tion reveals the reason behind this electronic instability. Fig-

E-Er (eV) ure 9 displays the band structures of Be, Mg, and Zn at one
. selectedc/a< ideal andc/a> ideal each(see Figs. 5-7

'.:lG‘ 7‘.The energy band structu@ and d ensity of stateld) of where the corresponding band structures at idgal are
Zn in the |deal_hcp strgcture at the_experlmenta_l ground state VOI-ShOWF) In Fig. 10 the DOS at different/a ratios are col-
ume. See caption of Fig. 5 for detailed explanation. lected and compared with the DOS at ides.
on, is the direct origin of the hcp distorted structures of Zn  For beryllium thes-p hybridization gaps are already lo-
and Cd. cated at the Fermi level for the ideal hcp structure. This

In conclusion, the hcp divalent metals realize astonishcorresponds to a situation of optimusip hybridization
ingly different electronic structures for the same arrangemenwheres-s antibonding states have been exchangedpfqr
of atoms and the same number of valence electrons. This cdronding ones for the largest possible part of the BZ. A dis-
simply be attributed to the different degreessp band mix-  tortion in any of the two directions/a< ideal andc/a>
ing expressed by those elements. In the final step we analyzédeal worsens the stabilizing effect sfp mixing. This is
if and how the different/a ratios of the hcp divalent metals especially seen for a distortion to largefa which eventu-
are connected witl-p hybridization. ally lowers the bottom of the third valence bandatl’s,),
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FIG. 9. (a) The band structure of hcp Be fa¥a=1.568 (left)
andc/a=1.764(right) at the experimental ground state voluiig

FIG. 8. The upper panel shows the total energy as a function ofb) The band structure of hcp Mg far/a=1.404 (left) and c/a
c/a for Be (circles, Mg (squarey and Zn(diamonds (at the re-  =1.992 (right) at V,. (c) The band structure of hcp Zn far/a
spective experimental ground state voluinesth respect to the =1.502(left) andc/a=1.878(right) at V,. In (b) and(c) s-p hy-
ideal hcp structure. The lower panel shows the corresponding varidridization gaps at the Fermi level are marked by grey areas.
tion of the valence electron parts of the band energy. For Zn the
values have been divided by a factor 10 in order to fit the energ
range of the graph. The/a ratio for ideal hcp is marked.

c/a

)()y an increase of the amount fp mixing and as a conse-
quences-p hybridization gaps are put at the Fermi level.
When decreasing/a the s-p, hybridization gap produced
which is interlayer antibonding alorig-A due tos-p hybrid-  alongA-T" and thes-p,(py) gap produced along-H, which
ization, below the Fermi level. Thus, the driving force behindare situated below and above the Fermi level at id¢al
the distortion of hcp Be is not directly connected g respectively, move oppositely and@ta= 1.4 they coincide
hybridization. We attribute it to the occurrence of very flat with the Fermi level. For the other distortion direction the
bands with basicallyp,(p,) character slightly below the hybridization gap located betweéhandM (above the Fermi
Fermi level. They can be recognized as spiky singularities idevel at idealc/a) and that at. (below the Fermi level at
the DOS[Fig. 10@)] and one of these bands is clearly seenideal c/a) are moved simultaneously to the Fermi level
in the directionK-H of the presented band structufgsgs.  which they enter for &/a around 2. In the DO$Fig. 10b)]
5(a), 9(a)]. The change of the position of a flat band has awe can recognize the two favorable situationsck=1.4
large effect tdE"2"d For Be a decrease of tloéa ratio below  andc/a=2 as a splitting of states around the Fermi level
the ideal valugsee Figs. @) and 1@a)] lowers the energy of which thus becomes located in dips where the density of
the flat bands and thug®2" However, deviations from ideal states is considerably reduced compared to the case of ideal
c/a cannot become too large because of the countering elec/a. However, for Mg the increase sfp hybridization and
trostatic contributions to the total energy which increase rapthus the lowering o£”2"%is not structure determining and
idly with increasing distortion. The occurrence of flat bandsthe ideal hcp structure is obtained for electrostatic reasons.
is actually an indirect consequence of stras@ mixing. Finally, for zinc (and Cd the influence ofc/a variations
Considering again the flat band aloKgH we observe that on the band structure is similar as for Mg: in both distortion
its weak dispersion arises from the large hybridization gap atlirectionsE”®™is decreased and the rate $p mixing in-
H produced along the directioh-H. When comparing with  creased. As for Mg a decrease of tbka ratio especially
the corresponding band in the band structures of Mg and Zaffects the hybridization gaps &t andH. However, for Zn
which exhibit a “normal” dispersion behavidr.e., bottom at  the movement of those gaps is not exactly synchronized and
K and top atH) it is seen that for Be the energy Btis  the hybridization gap atl enters the Fermi level before the
lowered to such an extent that it becomes almost the same ase atl’. On the other hand, for distortions to higheia
atK. there is a concerted movement of the hybridization gap lo-
For magnesium the maximum &"2"%is obtained at the cated betweel andM (above the Fermi level at ideala)
ideal c/a ratio and thus distortion in any direction is lower- and that at. (below the Fermi level at ideala) which enter
ing EP2"4 In contrast to Be, here distortion is accompaniedthe Fermi level at the same time at a rati@=1.878. This
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FIG. 11. Total energy as a function ofa and volume V/V,
15 =0.7,0.8,0.9,1.0) for Zn with respect to the ideal hcp structtire

1O - 1.992 (ETT) such a stabilizing dip at the Fermi level—and thus a
possible electronically driven structural transition—can only
occur when at least two hybridization gaps enter the Fermi
level simultaneously and from opposite directidmsa struc-

Ep tural changé&®

(b) . In conclusion we observe that for Zland Cd the dis-
torted hcp structure appears as a consequence of the optimi-
8 6 4 2 0 zation ofs-p mixing of the valence bands which exchanges
s-s antibonding states below the Fermi level fep bonding
ones and thus lowes®2"d For Mg this optimization o&-p
mixing is not structure determining because the electrostatic
part of the total energy dominates ovEP®"® Be already
attains in the ideal hcp structure a situation of optimsHm
hybridization which creates as a by-product flat bands with
px(py) character below the Fermi level. The lowering of
those flat bands drives the distortiondta<< ideal for hcp

Be.

Mg ground state volume curve is highlighted by filled cirgles
///}@ According to the theory of electronic topological transitions
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B. The effect of volume variations

DOS (states/eV cell)

E W
(© F The two total energy contributiors?®"YandEM2 behave

L differently when the volumeV/V, is varied. Due to its
-8 -4 0 largely Coulombic natureEM2¢ varies approximately as
E-Eg (eV) [1/(VIVo)]Y® whereasEP2 alters in a more complicated
way, dependent on how the bandwidths of the different va-

FIG. 10. (a) The total density of state€DOS) of Be at the |ence bands change with volume. For many elem&tt’
experimental ground state volumé, for the c/a ratios 1.502, increases relative t&2" under compression and close
1.568, 1.633, and 1.698. Note the energy changes of the spikes,cked structures are obtained as high pressure modifica-
below the Fermi level corresponding to flat baridsarked by bro- tions. However, there are examplisg., the heavier alkali
ken lines. (b) DOS for Mg atV,, for the c/a rat.ios 1.404,1.633, \\otals or CaRef. 21)] where actually transitions to more
and 1.992(c) DOS for Zn atV,, for the ¢/a ratios 1.502, 1.633, open packed structures are found at elevated pressures. In
1.764, and 1.878.

such cases the valence state of the elements changes under
compressior{for the above mentioned examples-a tran-

ratio corresponds to the calculated optimafa ratio where  sjtion occurg which makesEP2" to alter discontinuously.
the total energy is lowest. In the DJ&ig. 10c)] we ob-  For Zn the occupied @ states prevent thed4states of be-
serve that the distortion to highefa puts the Fermi level coming valence states and it is known that the distorted hcp
into the pronounced well produced by the hybridization gapsstructure transforms to an ideal close packing under com-
(this well is below the Fermi level for ideala). The other pression. Indeed, as it is shown in Fig. 11, the optintian
distortion direction does not yield a dip at the Fermi level inratio of Zn decreases under pressure and/&t,~0.7 attains
the DOS as obtained for Mg, because the gagsatdH do  a value close to ideal hcp after which it stays roughly con-
not become coinciding with the Fermi level simultaneously.stant. This is close to the experimental result where the ideal
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borderline between metals and nonmetals. With the excep-
tion of Be the divalent metals behave as the metallic ele-
ments of group-llla(Refs. 14,15,18,19adopting a ground
state structure in whick-p mixing of the valence bandsnd
thusEP2"9 is optimized with respect to the electrostatic con-
tributions to the total energy.
In particular, we find for magnesium th&f"2? overrides
the distortion driving band energy and the ideal hcp structure
is obtained for electrostatic reasons. However, under expan-
sion the relative significance &"2"@and EM29 to structural
stability changes and a distortion tda ratios > ideal ap-
pears above a volumé/Vy,=1.4.
For the more electronegative metals zinc and Cd this dis-
FIG. 12. Total energy as a function ofa and volume ¥/V,  tortion already occurs at ambient conditions. The stronger
=1.0,1.3,1.4,1.5) for Mg with respect to the ideal hcp structtie  influence ofEP2"on structural stability in those metals is a
ground state volume curve is highlighted by filled triangles consequence of the lower lying valence levelsand e,
compared to Mg. The filled shell in the core increases the
. ) effective nuclear chargéespecially in the case of the first
c/a ratio is approached at volumes slightly beloWV, d-shell 3d) primarily for s valence electrons and partly fpr

=0.8 (Ref. 22 (corresponding to an external pressure Ofvalence electron® Characteristic for the electronic struc-

gbogt 250. kb?fa”g'shas already been the subject of theoret_tures of hcp distorted Zn and Cd is a well in the DOS at the
ical investigationg>

For Mg at its ground state volun&™® dominates over Fermi Ie_vel produced by several hybridizat.ion gaps coincid-
EPand \which corresponds to the situation of Zn under high'mY at this energy. Mg, Zn, and Cd are Pauli paramagfilets
pressurereduced volump If EM® decreases faster g&nd  |atter after correcting for the Landau and Larmor diamag-
with increasing volume one could speculate that Mg migh{1€tic susceptibility contributions of the cojesHowever,
transform to a distorted hcp structure undepansioni.e., at  Whereas the Pauli paramagnetism of Mg is quite pronounced
a volume where the distortion driving electronic part of thethe one of Zn and Cd is very weak. Since the Pauli paramag-
total energy overcomes the electrostatic part. From a theorefi€tic susceptibilities mirror the value of the valence DOS at
ical point of view there is no conceptual difficulty with a the Fermi level® we readily understand the poor Pauli para-
state of expansion, it is simply the negative direction on thénagnetism of Zn and Cd compared to Mg.
pressure axis. Moreover, this idea offers a beautiful comple- Beryllium is distinguished from the other divalent metals.
ment to the traditional studies of structural stability as aThe core configuratiori1ls?] provides low lyings and p
function of compression because it enlarges the possibility ofalence states with a small energetic separation. The latter
detecting electronic structure relationshfpdn Fig. 12 we  fact is due to the absence of cqueelectrons and their cor-
present the result of the/a variation of Mg under expan- responding repulsive influence on the valenge Qates’’
sion. Until volumesV/V,<1.3 the idealc/a ratio is main- ~ Thus, in hcp Bes andp valence bands mix intimately and as
tained, betweenV/V,=1.3 and 1.4 a distortion towards a @ consequence of the effectiep hybridization a pro-
higher c/a value becomes apparent which develops gradunounced pseudogap at the Fermi level is created which is
ally into a total energy vs/a curve mirroring that of Zn at  responsible for the astonishing high diamagnetighiote,
its ground state volumésee Fig. 11 Thus, Mg and Zn be- that in the neighboring element boron a real band gap at the
have in an opposite way when varying volume: under comFermi level is realized in semiconductiagB.) Additionally,
pression Zn transforms to an ideal hcp structure which Mdor Be all possibles-s antibonding states are replaced for
adopts at ambient conditions and Mg under expansion trang-p bonding ones below the Fermi level leading to a situa-

forms to a distorted hcp structure which Zn adopts at ambition with basically just bonding occupied states. Thus, com-
ent conditions. pared to the other divalent metals Be has an exceptional high

melting point and energy of cohesion. Finally, the decrease
of EP@py a distortionc/a< ideal does not parallel an in-
crease ok-p mixing, but rather increasgs-p bonding by a

) . lowering of flat bands withp,(p,) character.
The divalent metals Be, Mg, Zn, and Cd with the hcp

structure are rather heterogeneous concerning thairatios
ranging from 1.568Be) to 1.886(Cd) and their physical
properties(Table ). We analyzed in detail the origin of this
c/a variation and found that it is closely connected to firstly ~ This work was supported by the Swedish National Sci-
the different extent o$-p mixing which can be expressed by ence Research Counci(NFR), Materials Consortium
those elements and secondly a delicate interplay between tHATOMICS” and the Goran Gustafsson Foundation. We
total energy contributions band energ?"“and electrostatic thank I. A. Abrikosov, Uppsala University, for valuable
(Madelung energyEMa9 which is typical for elements at the discussions.

E-Ecp=ig (meV)
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