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Abstract. We discuss the high pressure behaviour of zinc as an interesting example of controver sy, and of
extensive interplay between theory and experiment. We present itsroom temperatur e electronic structure cal-
culationsto study the temperature effect on the occurrence of its controversial axial ratio (¢/a) anomaly under
pressure, and therelated electronic topological transition (ETT). We have employed adense63” 63" 29 k-
point sampling of the Brillouin zone and find that the small (¢/a) anomaly near 10 GPa pressur e persists at
room temperature. A weak signature of the anomaly can be seen in the pressure-volume curve, which gets
enhanced in the univer sal equation of state, along with that of K-point ETTs. We attribute the change of slope
in the universal equation of state near 10 GPa pressure, mainly to hybridization effects. The temperature
effect in fact enhances the possibility of L-point ETT. We find that the L-point ETT is very sensitive to ex-
change correlation terms, and hence we suggest that further refinementsin the theoretical techniquesare

needed toresolvethe controversieson the ETT in Zn.
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1. Introduction

Firg principles dectronic  dructure cdculations have
contributed  dgnificantly to high pressure studies, espe-
cidly of solids. Along with ab initio molecular dynamics
(MD) smulations, these dating from the scraich cdow
laions have been going through rapid expanson during
the last two decades. Man merit of these firg principles
cdculdions is ther predictive power, as they demand
litle a priori experimentd data A few wel-established
achievements of their independent predictive power ae
(i) prediction of phase trandtion, even under physica
conditions, which ae not yet easily atanable in the
laboratories (Godwa 1995); (ii) interpretation of mecha
nisn of physcd processes, especidly in the case of
observed anomdies by providing fing deals of the
cdculaions (Rao et al 1992, 2001a Godwd et al 1998)
and (iii) resolving the controverses, often with hints
about the associated reasoning for the inappropriate inter-
pretation (Sikkaet al 1992; Godwad et al 1997).

The recent developments in experimenta high pressure
techniques, especidly the tunable high pressure genera
tion in the diamond awil cdl (DAC) dong with laser
hested high temperature conditions, have provided
unique opportunity for the theorists to compare their pre-
dictions directly with experimentd findings With 50%
volume compresson routindy achieved in these experi-
ments, ggnificat  changes ae  expected, and indeed
found, in the dectronic dsaes, bonding characterigtics,
and aomic packing of condensed matter.
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Posshility of direct comparison between accurate high
pressure experimenta data and first principles theoretica
predictions, has benefitted both these branches of investi-
gations. Already, this kind of intense interaction between
theory and experiment (Godwa 1995) has led to the
development of various prescriptions for the exchange-
correlation terms in  the dendty functiond theories
(Hohenberg and Kohn 1964), induding the current gen-
edized gradient goproximation (GGA) and metaGGA
(Perdew et al 1996, 1999). Accuracy in dsate-of-the-art
firg principles dectronic dructure cdculaions is mainly
limited by the approximations made for exchange-
correlaion contribution to the tota energy. Experience
has shown that the limitation may lead to uncertainty in
the asolute vaue of the computed quantity; but its
vaidion with pressure is orders of magnitude more
accurate, mainly dueto mutua cancellaion of errors.

In this presentation, we discuss the controversa high
pressure behaviour of zinc as an interesting example of
extensve interplay between theory and experiment.

2. Zincat high pressure: conflicting claimsand
explanations

Zn has been extensvely <udied both theoreticaly and
experimentadly, for its high pressure behaviour for more
than a decade now, with leading theoreticd and experi-
mentd groups gill a loggerheads with each other's con-
clusons (Lynch and Drickamer 1965, Daniuk et al 1989;
Potzd et al 1989, 1995; Schulte et al 1991; Meenakshi et
al 1992, Takemura 1995, 1997, 1999; Morgan et al 1996;
Fast et al 1997; Godwa et al 1997; Novikov et al 1997,
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1999; Kloétz et al 1998, Overhouser 1998; Olijnyk et al
2000; Li and Tse 2000; Reo et al 2001b; Kechin 2001,
SenleNeumann et al 2001). It is a unique dementd
solid for which 110,592 points in Brillouin zone (BZ)
(with 2 atoms per primitive cell) were used for accurate
integration (SteinleNeumann et al 2001). It adso has the
diginction of forcing some of the invedigaors to contra-
dict ther own ealier experimentd/theoretica inferences,
though with undersandable reasoning (Tekemura 1995,
1997, 1999; Novikov et al 1997, 1999). As will be seen
in our discusson, explanation of high pressure pheno-
mena in Zn demands further improvements in the
theoreticd methods. It dso reflects the current accuracy
demands in some of thefirgt principles caculations.

Zn cryddlizes in the hexagond close packed (hcp)
dructure under ambient conditions, and its axia ratio is
lage (c/fa=1856) compaed to the ided cdose-packing
vdue of 1633. The large deviaion from the cdose pack-
ing leads to anisotropy in the Fermi surface topology, and
thus in transport and other physica properties. The appli-
caion of pressure reduces (c/a), and thus anisotropy. Any
depature from the smooth decreese of (c/a) under com-
pression is temed as the ‘(c/a) anomay’. A highly
debated controversy in Zn, persging for a decade, is
whether any such anomay exiss near 10 GPa pressure.
Moreover, Zn exhibits giat Kohn anomay (GKA)
(Kohn 1959; Kagan et al 1983) a L-point of the BZ at
ambient pressure (Potze et al 1995; Kechin 2001) (see
figure 1). Another controversy in Zn (Potzel et al 1989,
1995; Morgan et al 1996; Novikov et al 1997; Klétz et al
1998; Olijnyk et al 2000; Li and Tse 2000; Rao et al
2001b; Kechin 2001) is about the dedtruction of GKA
under pressure due to eectronic topologica trangtion
(ETT) (Lifshitz 1960; Dagens 1978). As is wdl known,
ETT refers to the ghift of the dectronic band extremum
through the Fermi levd (Ef), and the additionad contro-
versy is whether it is the cause of (c/a) anomay (Godwd
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Figure 1. Electron energy band structure of Zn a normal

pressure.

et al 1997; Novikov et al 1997, 1999; Takemura 1999,
Olijnyk et al 2000; Li and Tse 2000; Kechin 2001;
Seinle-Neumann et al 2001).

The firgt theoreticd prediction of the anomady in the
vaiaion of (c/fa) as a function of pressure was by
Meengkshi et al (1992) who attributed it to the shift of a
varHove pesk in the dendty of sates through Er. Their
sudies helped to resolve the controversy on the dis
agreement  between the experimentad data of two groups

(Lynch and Drickamer 1965, Schulte et al 1991), with
subsequent  experimental and  theoretical  investigations
supporting their conclusons (Potzd et al 1995, Teke

mura 1995, 1997). Prominent among them were the
direct obsarvation of the (c/a) anomdy in angle disper-
sve X-ray diffraction (ADXRD) daa (Takemura 1995,
1997), and observation of anomady in Lamb-Mdssbauer
factor in the high pressure Mdosshauer Spectroscopy,
supported by the linear augmented plane wave (LAPW)
cdculations showing ETT a the L-point of the (BZ) at
about the same compression (Potzel et al 1995). But the
ADXRD data showed the anomdy at (c/a)=C8 which
led to the suggedion that the high degeneracy of the
reciproca lattice vectors a this paticular axid ratio
might be responsble for the anomady (Takemura 1995,
1997).

On the dmila metd Cd, Godwa et al (1997) predicted
two anomdies in its (c/a) variaion under compresson;
with the fird a V/Vog=0%05 occurring due to ETT a the
K-point with c/a vaue different from C8, and the second
corresponding to VAV =085. Thee predictions were
laer supported by experiments (Takemura 1995, 1997)
and other theoretica caculations (Novikov et al 1997).

Among the conflicting reports, Morgan et al (1996)
obsarved regpid increese of mode Griingisen parameter in
the transverse acoudic branch (S3) aove 6GPa, and
atributed it to the collgpse of giant Kohn anomay via
ETT. However, subsequent studies by Kldtz et al (1998)
found regular behaviour. Also, the high pressure X-ray
diffraction (XRD) experiments of Takemura (1999) at
room temperature with heium as the pressure transmi-
tting medium contradicted his ealier findings and
reveded that there was no (c/a) anomdy, thus adding
chaosinto the confusion.

Many theoretical investigations supported the exis
tence of (c/a) anomady under compresson in Zn

(Meenakshi et al 1992; Fast et al 1997; Li and Tse 2000;
Kechin 2001; Novikov et al 1997, 1999), though not
much atention is being pad to reports of large anomdies
(Lynch and Drickamer 1965; Fast et al 1997). But corre-
lation of the aromdy to ETT has been debated and
uncertainties dill exig in this regad. Some of the
phenomena attributed to the anomady ae, K-point ETT
(Fest et al 1997), L-point ETT (Meengkshi et al 1992;
Potzel et al 1995), combined influence of K- and L-ETTs
(Novikov et al 1999), and domains of different c/a vaues
(Novikov et al 1997). However, recent cdculations
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(Steinle-Neumann et al 2001) blame the accuracy in the
ealier computations due to poor k-sampling and dams
that the anomaly does not exigt.

Briefly the frantic efforts on Zn a high pressure appes
red to have resolved the issue of (c/a) anomay and ETT
aound the turn of the century, with the generd under-
ganding that they could exist a low temperature. Thus
the obsaved anomdy in the Lamb-Mdossbauer factor a
66 GPa and 4K (Potzd et al 1995) indicaed dragtic sof-
tening of low frequency acoustic or opticd phonons and
was interpreted as the effect of dedtruction of giant Kohn
anomay driven by ETT. Temperature was supposed to
play a crucid role in wiping out the experimentd obser-
vaion a room temperaiure of the signatures of ETT
(Klétz et al 1998) though Morgan's experiments (Morgan
1996) showed otherwise. As is wel known, the tempera-
ture smearing of the Fermi didribution function in the
rigid band picture would reduce the ETT effects in the
physica properties.

Further verification by expeimentdigts and theorists
continued, rekindled by the obsarvation of anomdous
broadening of Raman line width near 10GPa pressure in
the room temperaure messurements of Olijnyk et al
(2000). Among the recent invedtigations, Overhauser
suggested a firg-order trandtion to a commensurate Spin
density-wave (SDW) (Overhauser 1998) to explan the
gopaently  contragting  behaviour in  Lamb-Mdssbauer
factor (Potzel et al 1995) and phonon frequencies (Klotz
et al 1998) under pressure. Later, Li and Tse (2000)
obtained the phonon frequencies and the mode Griingisen
parameters (g, which showed dgnificant softening of an
acoustic mode near 10GPa. They thus explained the (c/a)
anomay due to the softening of phonon modes as it
affects the compresshility. Li and Tse, and Kechin
(2001) supported the occurrence of ETT and the anomaly.
Though no c/a anomady was obtained in the cdculations of
SeinleNeumann et al (2001), they had neglected the
spin—orbit interaction, and according to Kechin (2001), it
could affect the anisotropy of compressibility and thus
(c/a) anomdy, because of two different types of Fermi
aurface sheats aisng out of ETT. Also the conclusions
of Seinle-Neumann et al (2001) were in contrast to
those of Li and Tse who dso employed comparable k-
sampling. Thus there is no consensus yet on the high
pressure behaviour of Zn.

In view of the role of temperature factor mentioned
above, we report here the effect of temperature on the
dectronic dructure, and thus on the axiad ratio anomaly,
and ETT in Zn. We have caried out accurate room tem-
perature eectronic dructure cdculations on Zn with gene-
rdized gradient approximation (GGA), based on the
LAPW mehod. We have modified the full potentid
dectronic dructure code so that the density distribution
of dectrons in the sdf-condgent cycle changes in accor-
dance with finite temperature occupaion of dectron
energy leveds Our results show a smdl (c/a) anomay at

room temperature, comparable to that a OK. Though our
cdculaions do not show any ETT a L-point, we com-
ment upon the feashility of its occurrence, in view of its
sengtivity to  exchange-corrdaion terms, and  suggest
about further investigations.

We give a brief description of our cdculaions in the
next 8 and presnt the results and discusson in 84, fol-
lowed by conclusionsin 85.

3. Detailsof calculations

Our room temperature cdculations were based on the
generdization of HohenbergKohn (1964) theorem to
non-zero temperature (Mermin 1965, Gupta and Ragago-
pad 1982, Kohn and Vashishta 1983). The man modifi-
cation needed from the OK formulation was in evauating
the charge density with the Fermi function, as hardly any
modification was needed in exchenge corrdation terms at
300K (Gupta and Rgagopd 1982). We accordingly
modified the terahedron mehod (Lehmann and Taut
1972) of BZ integration in evauating the charge dendty.
The associated weights with the tetrahedra corners for
BZ integraion were evduated following Blochl et al
(1994). For further details see Godwd et al (2002a). The
necessary entropy (S) contribution due to dectron distri-
bution function, f, at temperature, T, isgiven by

S ST =-kg & [f; IN(f)+ (- f)In(L- £)]T.

where fi(§ = U[exp{(e—iikgT} +1], is the Fermi distri-
bution function with e dencting the eigenvaue of the ith
quantum date, wheress m and kg denote the chemicd
potentid and Boltzman constant, respectively. For Zn at
room temperature, the entropy contribution to free energy
islessthan anRy.

In our caculaions, the 3d'%4s’ states of Zn formed the
vaence part, trested semi-rdativigicdly with spin-orbit
effect as perturbation, wheress the rest of the occupied
eectron orhitals condituted the ion core and were trested
fully rdativigicaly. The GGA was employed for the
exchange-correlation terms as per the prescriptions of
Perdew et al (1996). We adapted the FP-LAPW com-
puter code WIEN97 of Blaha et al (1988, 1997). About
280 plane waves were found adequate to expand the
vadence dectron orbitds in the interditid  region
(RKmx=9 in WIEN97). We employed the 63" 63" 29
mesh in the BZ for k-space integration, which is a better
and more uniform sampling than employed by Senle-
Neumann et al (2001). The caculations were carried out
for OK as wdl as for room temperature. The (c/a) ratios
a eech volume compresson were varied to edimate the
optimum vaue that minimized the free energy, thus ena
bling us to obtan the (c/a) variaion under compression.
The cdculaions were often repeasted with LDA (Perdew
and Wang 1992) for comparison.
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4. Resultsand discussion

Figure 1 shows the eectron band dructure of Zn a ambi-
ent condition computed with GGA. Rdiability of our
room temperaure cdculations can be judged by a few
edimaes of ambient pressure physicad quantities, like
equilibium volume of 2034 (au)® per unit cel, c/a ratio
of 1875 and bulk modulus of 58 GPa, compared to the
experimental vaues of 20525 (au)®, 1856, ad
56%6 GPa, respectivdy (Morgan et al 1996). As men-
tioned in 81, discrepancies of such relaive magnitudes
are common in thefirsgt principles caculaions.

The cdculated totd energy vs (c/a) for severd reduced
volumes (VVo, Vo being the volume a ambient pressure)
ae shown in figure 2, which show somewhat broad
minima.  The sysematicdly cadculaed (c/a) vaues from
these curves show some anomay near VIV =0%0, with
the deviation of about 0%¥06 from the smooth decrease
(seefigure 3).

The gmdl deviaion in the vaue of (c/a) from the
smooth variaion agrees well with that obtained by Li and
Tse (2000). Thus, identification of this anomay in the X-
ray diffraction experiments with the currently attaindble
accuracy may be difficult. The pressure versus volume
(P-V) curve obtaned by cdculaing volume derivaives
of totd energies dso shows a little deviation from smooth

| —— V/V,=0.895 ;
~ome VIV,=0.86 :

Energy (3 mRy range around minimum)

1.65 1.70 1.75 1.80

c/a

1.85 1.90 1.95

Figure 2. The total energies at various volumes as a function
of axial ratio (c/a). The energy scales are shifted for different
(VIVg) so that 3mRy range near the minimum energies are
depicted. Thus minimum energy positions for different com-
pressions are not systematically related to one another.
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vaidion (figure 4) a the same volume compresson
(ner 10GPa pressure). Note tha the curve shown in
figure 4 does not include the lattice therma contribution
to pressure, and temperature effect on the dectronic
dructure only is conddered here. The latice thermd
contribution can be evduated following Godwd and

1.90

1851

1.80
cla

1.75

1701

0.85 0.90 0.95

VIV,

1.00

Figure 3. Room temperature (c/a) variation with volume
compression in Zn, obtained by electronic structure calcula
tions. The (dashed) curve of 0K results are also shown for
comparison.

20

15K

10+

Pressure (GPa)

0.90 0.95 1.00

VIV,

Figure 4. Equation of state obtained by 300K electronic
structure calculations. The arrow indicates the slight deviation
from smooth increase of pressure with volume compression.
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Jeanloz  (1989) usng Grineisen parameter, g and have
been reported dsewhere (Rao et al 20014).

To obtan better signaures of any eectronic trangtion,
we transformed the equation of date in the universa
form (UEOS) (Rose et al 1984). The UEOCSisgiven by

InH = InKg + h(1-X),

where H=(PX?)/3(1-X) and X=(VNo)'3, h beng rda
ted to the pressure derivative (KG) of the bulk modulus,
Ko by

h=3(K& —1)/2

It is known that deviation from linearity in the UEOS
suggests about the subtle dectronic trangtions, like s to d
trandtion (Skka 1988), and ETT (Godwa et al 2002b) in
the absence of any other mgor cause like sructurd tran-
stion. The UEQOS, shown in figure 5 dealy shows devia-
tion from linearity near VIV =096 and 090. The former
correlates wedl with the K-point ETT, and the latter cor-
respond to the compresson a which the (c/a) anomay
occurs.

We have dso invedigated sengtivity of the dectron
energy eigen vaues near Er a the L-point in the BZ on
the exchange—correlation terms employed, as its postion
with respect to Ef is rdated to GKA and ETT (Meenak-
shi et al 1992, Potzd et al 1995; Kechin 2001) (see fig-
ure 1). Briefly, if the eigenvdue a the L-point, which is
156 mRy higher in energy then Fermi energy (Ep) a
ambient pressure (figure 1), descends through Epr, the
ETT would teke place destroying the GKA. As dready
mentioned, there are conflicting daims about this trans-
tion by various invesigators (Potzel et al 1995, Morgan
et al 1996; Takemura 1997; Kldtz et al 1998; Olijnyk et
al 2000). The present cdculaions show tha the eigen-
vadue never reeches Er up to the highet compresson

4.6 Zn

InH

0.01 0.02 0.03 0.04
1-X

0.00 0.05

Figure 5. The universal equation of state of Zn based on
electronic structure calculations.
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sudied (i.e. VNo=08). However, its closest postion
with respect to Er is sengtive to the assumed form of the
exchange-correlation  terms.  Briefly, the L; edgenvdue
gpproaches within 6% MRy (7mRy in OK cdculations)
with GGA, and 26mRy with loca densty approxima
tion (Perdew and Wang 1992). Thus the senstivity of the
position of L; levd (rdative to Ef) to exchange-corrda
tion terms indicates that an appropriate prescription of
these terms might as wdl bring the L; levd bdow Er.
Note that shifts involved in some of the GW (Green's
function-screened Coulomb)  cdculations on metdlic
systems ae by order of maegnitude larger (Hybertsen and
Louie 1985), than a few mRy shift needed for the ETT to
occur a the L-point. As there are experimenta indica
tions of the occurrence of ETT from the Raman dudies of
Qlijnyk et al (2000), the resigance messurements (Lynch
and Drickamer 1965; Kechin 2001; Alka et al 2002), etc.
(Potzd et al 1995; Morgan et al 1996), it would be inte-
reting to see what the quasi-paticle excitation bands,
like those obtaned by GW-type cdculations (Hybertsen
and Louie 1985) would inform aout ETT in Zn. If the
ETT were to occur, the anomdy in axid ratio should be
larger than that obtained in the present work. Also, tem-
perature effects bring the Li-levd a bit closer to Er (by
05 mRy), which dong with the temperature smearing of
the Fermi function would helpthe ETT to occur.

As the ETT a the L-point did not show up in our ca-
culations, we looked for other features in the band sruc-
ture, which could explan the change of dope seen in
figure 5. Comparison of the band dructure a various
pressures showed that some of the unoccupied leves like

Energy (Ry)

0.2

G M

Figure 6. Electron energy band structure of Zn aong GM
direction of BZ at volume compression (V/V) = 090.
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L, levd near Er, move towards Er a low compressons,
but around 10GPa, the competing counter effect of s—p
hybridization dominaes and ghifts them again to higher
energies. For example, we found that a hybridization gap
in the GM direction (figures 1 and 6) decreases up to
10GPa, from its ambient pressure vadue of 132mRy to
116 mRy; then darts to increase, dgnding the onsat of
dominance of hybridization repulson over the hift
of bands under compresson. Thus the réative postions
of some of the bands gat to re-order above 10GPa,
leeding to changes in the rae of change of compress-
bility, and thus the change in dope in UECS (figure 5).
As noted earier, gmilar effects on the UEOS are known
to occur due to band re-ordering leading to s-d trangtion
under pressure (Sikka 1938).

5. Conclusions

Thus our 300K results show that temperature effects on
the dectronic dructure do not hinder the occurrence of
ETT and the (c/a) anomay in zinc & room temperature,
which is contrary to the earlier expectations. The present
cdculaions show that the band <sructure itsdf changes,
due to modification of the dectron dendty distribution,
and brings the L-point egenvdue closer to the Fermi
levd. This change dong with temperature smearing of
Fermi digribution function enhances the occurrence of
ETT. We have dso shown tha the L-point ETT is very
sendgtive to the exchangecorrdation terms employed.
Thus the controversy in high pressure behaviour of Zn
has yet not been resolved. It is our expectation, on the
grounds of avalddle experimenta and theordticd evi-
dence, that ETT a L-point occurs around 10GPa pres-
sure. But dae-of-the-at densty functional theory based
cdculaions with LDA or GGA for exchange-correation
canot reproduce this ETT. The high pressure behaviour
of Zn illusrates the condructive interplay between the-
oy and experiment, and chdlenges the theorists to im-
prove upon their methods. In the experimentd side, some
low temperature Fermi surface sudies of Zn under pres-
sure would dso be useful to examine the occurrence of
ETT at L-point.
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