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Absence of lattice strain anomalies at the electronic topological transition in zinc at high pressure
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High-pressure structural distortions of the hexagonal close-patiopielement zinc have been a subject of
controversy. Earlier experimental results and theory showed a large anomaly in lattice strain with compression
in zinc at about 10 GPa which was explained theoretically by a change in Fermi surface topology. Later
hydrostatic experiments showed no such anomaly, resulting in a discrepancy between theory and experiment.
We have computed the compression and lattice strain of hcp zinc over a wide range of compressions using the
linearized augmented plane-wave method paying special attentikipdint convergence. We find that the
behavior of the lattice strain is strongly dependentkepoint sampling, and with largé&-point sets the
previously computed anomaly in lattice parameters under compression disappears, in agreement with recent
experiments.
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[. INTRODUCTION with compression Novikoet all! propose one more ETT at
L (butterfly) reconciling previous contradictory results from
Zinc and cadmium are unique among the hexagonal closdirst principles calculation¥ All previous computations

packed(hcp) transition metals in that the axial ratic/@  were performed with typical Brillouin-zone samplingo
=1.856 for zinc and 1.886 for cadmiuris far from the ideal more than 1000k points in the irreducible wedge of the
value defined by hard-sphere packingd=/8/3=1.633). Brillouin zone.
Upon compression, the axial ratio decreases towards the In an attempt to understand the discrepancy of the hydro-
ideal value. Lynch and Drickamknbserved that the de- static experiment$ and previous computational resdits
crease inc/a with increasing pressure was not smooth; sub-We calculate the equation of state, lattice constants, and elec-
sequent experiments yielded inconsistent results on the n&onic structure of zinc over a wide compression range from
ture of this anomaly-’ Takemura confirmed the anomaly first principles paying particular attention to the convergence
using a methanol-ethanol-water mixtfife(MEWM) as a of the calculations with respect to reciprocal-space integra-
pressure medium in diamond-anvil cell experiments: he Obtion. In Sec. Il we introduce the method used and elaborate
served thea axis expanding over a small range of compres-the computational details of our first-principles calculations.
sion, yielding a rapid decrease of the axial ratim. Ab ~ Section Ill focuses on our results for the equation of state,
initio computations found similar behavfot® and provided lattice constants, and electronic structure. We compare our
an explanation for the anomaly by means of changes in théesults to experiments at ambient conditions and high pres-
Fermi surface topology under compressidhTakemura re- sure and to previous theoretical work. Discussion and con-
cently repeated his experiments but using helium as pressuféusions follow.
mediurt? which is more nearly hydrostatic than MEWM,

but found that both axes compressed monotonically with no Il. METHOD
anomaly inc/a, contrary to his earlier experiments and
theory. We investigate the energetics of hcp zinc using the full-

The most recent experimental results call previous theopotential linearized augmented plane-wave metfid&PW)
retical studie$ 0 into question. All previous theoretical (Ref. 14 with GGA!® Core states are treated self-
studies show the anomaly in the axial ratio whether the localeonsistently using the full Dirac equation for the spherical
density approximatioriLDA) (Refs. 8 and Por the gener- part of the potential, while valence states are treated in a
alized gradient approximatiofGGA) (Ref. 10 to the ex- semirelativistic approximation neglecting spin-orbit cou-
change correlation potential is used. The anomaly has beequiing. 3s, 3p, 3d, 4s, and 4 states are treated as valence
connected to changes in the electronic structidfeFast electrons. The muffin-tin radiuRyt is 2.0 Bohr over the
et al® observe one electronic topological transiti@TT) at ~ whole compression range considered.
the high-symmetry poinK on the Brillouin-zone boundary We perform calculations at three sets of Brillouin-zone
forming an ellipsoidal piecéneedl¢ in the Fermi surface. sampling, 24K 24X 24, 32x 32X 32, and 4& 48x 48 special
Novikov et al!! see at least one additional ETT at approxi- k pointsi® yielding 732, 1632, and 5208points in the irre-
mately the same compression, alsd&atvhere disconnected ducible wedge of the Brillouin zone for the hcp lattice, re-
pieces form a three-leg structure of the Fermi surface alongpectively. The lowedt-point sampling is comparable to the
the K-M directions upon compression. Depending @&  previous GGA studi while the latter two are much denser
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than any previously published results. The size of the basis is
set byRytKmax= 9.0, whereK .« is the largest reciprocal-
space vector. We use Fermi broadening with an electronic
temperature of 5 mRy. For the denskgioint mesh we also
perform calculations without electronic broadening for a se-
lected subset of volumes and do not see any significant
change in our results: equilibrium axial ratios remain within
+0.005, the uncertainty of our results.

We carry out total-energy calculations over a wide range
of unit-cell volumes. At each volume we perform calcula-
tions for several different values of the axial ratio and find 25 |
the equilibrium structure by fitting the results to a quadratic.
The equation of state is obtained by describing the energy-
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Pressure (GPa)
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volume curve with a third-order expansion in Eulerian finite 0.
strain’ We consider unit-cell volumes ranging from 60 to 195 [
110 BohP for 24X 24X 24 k points and focus on the range
in which the anomaly irc/a occurs (90—102.5 BoPy for 1.90 |
32X 32X 32 and 48 48X 48 k-point meshes.
a 1.85 |
ll. RESULTS o 180 |
A. Equation of state T
s 1.75
A comparison of the pressure-volume relation between )
our results and static experimehtd (Fig. 1 and Table)l 170 |
shows good agreement at low pressure. At higher pressure
theory differs significantly from the results of the MEWM 1.65 r
diamond-anvil cell experimentsthis is consistent with pre- +
. . 0 160 p++F" 0
vious theoretical results.
; . - 65 70 75 80 85 90 95 100
To investigate whether nonhydrostaticity may be respon- Volume (Bohr®)

sible for the discrepancy we also compare to the results of

shock wave experimerits where hydrostaticity is readily FIG. 1. Axial ratioc/a and equation of state for zinc from our
achieved® (Fig. 1 and Table)l The Hugoniot is reduced to a calculations and experiment. The lower panel compares our results
0-K isotherm by solving the Rankin-Hugoniot equatfdn. for c/a (gray diamonds 24 24X 24 k points, open diamonds 32
We estimate the thermal pressui®,(= yE,,/V) along the = X32x32 k points, and filled diamonds 4848x 48 k pointg to
Hugoniot, withy the Grineisen parameter ari},, the ther- static experiments using methanol ethanol water mixtiref. 7,

mal energy. We approximate the thermal energy by the Dupluse$ and helium(Ref. 12, circles The equation of state for zinc

long Petit law cl\;xtzsR); the electronic contribution to the 1S shown in the upper panel for our calculatigtise) and the same
two set of diamond-anvil cell experimentsame symbols as

thermal pressure is negligibléhe temperature along the .
Hugoniotpis less than 2%090)K6We assﬁme the Gneigen above. The open squares show shock wave experimeRes. 18
reduced to a 0-K isotherm.

parameter is proportional to compression=yoV/V,) with
7vo its zero pressure value evaluated from the thermodynamic,

definition (y= aK/Cyp), where the thermal expansivity, size in Fig. _1. The curvature_ of energy as a functiorc/as_f
the isothermal bulk modulus+, specific heaCy, and den-  Varies considerably for the differekipoint meshes, showing

sity p at zero pressure are taken from the literafdre. that .elastic qonstants will also bg strongly dgpendent on
The reduced Hugoniot agrees with our GGA results mucH¢POINt sampling, as the shear elastic constérj (is related

. . 2
better than the static experiments; differences in volume ark® this strair’

less than 1.5%. The large discrepancy between the static and | N development of the axial rat@a with compression
shock wave experiments indicates that the MEwmdiffers for the three sets of computations considerdbig.

experiment§may be biased by nonhydrostaticity. 1). For 24X 24X 24 k points we See an anomaly similar to
that in the MEWM experimentd’ after an initial linear de-

crease in the axial ratio (102.5-95 Bdhthe slope inc/a
steepens (95-90 Bobrbefore decreasing again at higher
Total energy as a function of axial ratio for the>224  pressures. The dependencetd on compression fok-point
X 24 k-point mesh shows an unusually large scatter about theneshes of 3% 32X 32 and 4& 48X 48 is much smoother;
quadratic fit inc/a (Fig. 2). With increasing number ok  the anomaly irc/a has disappeared. The difference between
points the scatter decreases and the minimum becomes betexperiment and theory is less than 4 %cita which is typi-
defined. In contrast to the previous GGA restflise do not  cal of all electron calculations. At higher compression\(
see multiple minima irw/a for any volume and find the axial <70 Bohf) the theoretical value smoothly approaches
ratio reliably resolved to withint 0.005, within the symbol 1.61; the MEWM experiments converge to 1.59.

B. Lattice constants
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TABLE |. Equation of state parameters for our calculations : d g ' ' g ! :
(GGA) and experimentV,, Ky, andK} are the equilibrium vol- 9.50 |- 8-
ume, bulk modulus, and its pressure derivativ&/ gt respectively. e
Due to the restricted compression range of the calculations with £ g5 L + |
higherk-point sampling (3% 32X 32 and 4& 48x 48) and for the @_ g
static experiments with helium as a pressure medium, we constrain @ 0.00 | . ¢ T i
K¢ and V. s 7 +

2 *3
Vo Ko Ko 8 815 % i
Method [Bohf] [GP4 2 03‘50
§ 8.50 - o @ B
GGA k=24 102.8 64 5.2 o Q-
GGA k=48 63 =
5-05 L T ¥ T T T ¥ T X ]
Equilibrium properties 102%  60% +
Reduced HugoniotRef. 18 69 4.9 _ +
Experiment MEWM(Ref. 7) 65 4.7 .‘:; 5.00 - + 8
Experiment HgRef. 12 61 Q CQ Q 8 8
Experiment N(Ref. 5 63 5.2 2 QT & .4
£ 495 +5% .. o* i
1] +O * e
FP-LMTO (GGA) (Ref. 10 1015 60 s +1
o
& o
8 490 © 1
E o o

The nature of the anomaly is revealed by considering the 3 ¢
lattice constants separate(lfig. 3). The ¢ axis compresses 485 Lo _
monotonically with decreasing volume in all computations
and experiments considered. Theory overpredicty/ less 8'5 : 9'0 : 9'5 » 60

than 2%, and there is little difference érfor the two denser
k-point meshes. An expansion of tlaeaxis for the 24 24

Volume (Bohr")

X 24 k-point calculations and the MEWM experiments cause FIG. 3. Compression of the two axesandc in the hexagonal
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FIG. 2. Relative energies as a function of the axial ratia for

178 180 182 184 186 188 1.90 1.92
Axial Ratio c/a

cell for zinc over the compression rany#V,=0.80—1.0. In the
upper panel we compare our resu{iamond$ for ¢ (gray 24

X 24X 24, open 3X32x 32, and filled 4& 48X 48 k pointg with

the static experiments by Takemura using methanol-ethanol-water
mixture (pluses, Ref. ¥ and helium(open circles, Ref. J2as a
pressure medium. Fa in the lower panel the same symbols are
used. Note the approximately fivefold difference in range of axes
compressibilities foic anda.

the anomaly inc/a (Fig. 3). For the two densek-point
meshesa compresses monotonically; for volumes smaller
than V=95 Bohf a follows a linear trend with the same
slope as the helium experiments. For volumes greater than
V=95 BohP, ais less compressible than it is at higher pres-
sure. For the larget-point samplings the calculations under-
estimatea by less than 1%, while with 2424X 24 k-point

the maximum difference is approximately 1.5%.

To illustrate this point further we evaluate the linear com-
pressibility for the two axesk,= — (1/x)(dx/dP) (with x
=a,c) for our results and the static experimértsusing
central differencegFig. 4). Our results for 24 24x24 k
points show an anomaly ik, similar in character and mag-
nitude to that found in the MEWM experiments. For denser
k-point sampling the anomaly ik, is shifted towards lower
pressure and its magnitude decreases with increasing number
of k points. Fork, an anomaly exists as well for both the

V=97.5 Boh?. The lower, middle, and upper panel shows resultsMEWM experiment$ and the calculations with the smallest

for 24x24x24, 32<32x32, and 4&48x48 k points, respec-
tively. The lines show quadratic fits itYa to the results.

k-point mesh, it is, however, less pronounced tharkfoand

is absent from the results for the two denkgroint meshes.
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FIG. 5. Band structure for zinc along high-symmetry directions

in the first Brillouin zone around the Fermi energy. The upper panel
shows the band structure at zero pressife= 102.5 Bohf), the
lower panel atv=95 Bohf at their equilibriumc/a (1.91 and
L 1.79, respectively

Compressibility of a—axis (TPa'1)

0 4 8 12 16 20
Pressure (GPa)

FIG. 4. Compressibility of the two axdg andk. for our results
(k-point sampling 2% 24x 24 with grey diamonds, for 3232 30 |
X 32 and 48 48X 48 we use a fit to the results in the long dashed
and solid line, respectively and static experiments using a
methanol-ethanol-water mixtuf@luses, Ref. ¥and helium(aver-
age in dashed line, Ref. 12s a pressure pressure medium.

C. Electronic structure

The band structure of zinc under compression changes
considerably fromV=102.5 Boht to V=95 Bohr (Fig.
5). The electronic structure is in excellent agreement with the
previous GGA results® The major change in band structure
occurs at the high-symmetry poit on the Brillouin-zone
boundary where three banfiK;,Kg,Kq (Ref. 24] cross the
Fermi energy under compression, changing the topology of
the Fermi surface. From the band structure we see the needle
aroundK and also the connection of the three-leg piecK.at
Focusing on the development of the band structur€ ate
consider the eigenvalues of tie, Kg, andKq states(Fig.
6). For the 24<24x24 k-point calculations these bands
show a quadratic volume dependence and cross the Fermi g 6, Energy differences of the bands to the Fermi energy at
energy atV=97.5 Boh? (K; andKg) and V=97 Bohf e high-symmetry poiri on the first Brillouin-zone boundary as a
(Kg). For the two densek-point meshes the eigenvalues function of unit-cell volume. Gray dashed, dashed, and solid lines
depend linearly on volume and the crossing points are indisare results fok-point sampling of 2& 24x 24, 32x32x 32, and
tinguishable for 3X 32X 32 and 4& 48X 48 k points. The  48x48x 48, respectively.

Energy Difference AE=E-E_ (mRy)

92.5 95.0 97.5 100.0 102.5
Volume (Bohr®)
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crossings occur at slightly higher volume than for the 24 The ETT, however, might have important effects on
X 24X 24 k-point mesh ¥=98 and 97.5 BoHrfor K, Kg, higher-order physical properties such as elasticity. For tanta-
andKyg, respectively, but the difference is small compared lum a similar change in electronic structure as for zinc has
with the effect ofk-point sampling on the lattice parameters. been found under compression which has little effect on the
equation of staf® but appears in the elastic constaifts.
IV. DISCUSSION

The ETT discussed in the last section has previously been V. CONCLUSIONS
invoked as an explanation for the anomaly @maxis
compressibilities:*! In contrast to these studies we find that
the occurrence of the ETT is independent of the calculate

Using the first-principles LAPW method with GGA we
8alculate the equation of state, structural parameters, and
anomaly ina-axis compressibility, as the location of abnor- €lectronic structure O.f zinc over a W'd.e compre_ssion range.
mal compression dd shifts with increasing-point sampling V\Il_e perf?mr]] ca;!culagqlr;s for three ggfk;%mn;;gg_
towards higher volumegFigs. 3 and % while the ETT al- plings of the first Brillouin zone .( X 2%,
ways occurs at approximately the same voluifig. 6). The X 32, gnd 45 48X 4.8 k pointy and find lattice parameters,
anomaly ina-axis compression seen in previous calculation n pa_\rtlcular_thea axis, strongly dependent on the number .Of
appears to be a consequence of insufficiepoint sampling. points, while little or no effect can be seen on the equation
The results presented here ffFig. 3 and linear compress- of state and band structure. For lattice constants we find that
ibility k, (Fig. 4 suggest that even for the dens&gtoint a _prewously observed anomaly @axis _compre_SS|b|Iity
mesh vse use (4848x 48) the lattice parameters are not shifts to lower pressure and decreases in amplitude as we

converged. increasek-point sampling from 2% 24X 24 to 48< 48X 48.

The discrepancy between the MEWM and helium experi-ThiS anomaly is not coupled to a change in electronic band
ments can be attributed to freezing of the MEWM pres:sureStrUCtu.re as has begn proposed before; we observe the ETT
medium which is known to occur at about 10 GB#&reez- occurrlng_at approximately the same volume for all sets of
ing substantially increases the nonhydrostatic component d:fomputa_tlonal parameters. . .
stress as recognized previously in high-pressure experiments The dlsappe_arance of the af?oma'y in Iatt|c_e constants for
on forsterite (MgSiO,).?° At room temperature helium also our resul_ts IS In agreement W't.h recent static experiments
freezes within the pressure range of the experim{@it5 using hellum as a pressure .med|um. The remaining anomaly
GPa,2’ but remains soft enough to maintain hydrostatiéfty. in a-axis compressibility indicates that structu_rallll parameters
Recent neutron inelastic-scattering experiments undeEre .nOt fuIIy.converged even for the prohibitively large
compressioff?° show no softening or anomaly in the pho- -point sampling we perform.
non frequency, supporting the monotonic compression of
both axes as seen in our derspoint calculations and the
helium experiments.
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ratio under compression for cadmium in experimértsd  putations were performed on the SGI Origin 2000 at the
theory using both LDA(Ref. 30 and GGA (Ref. 10 may  Department of Geological Sciences at the University of
also be an artifact due to nonhydrostatic conditions in théVlichigan and the Cray SV1 at the Geophysical Laboratory,
experiments and insufficient convergence with respect tsupport by NSF Grant No. EAR-9975753 and by the W. M.

ACKNOWLEDGMENTS

computational parameters as well. Keck Foundation.
*Electronic address: gerd@umich.edu 8S. Meenakshi, V. Vijayakumar, B.K. Godwal, and S.K. Sikka,
1R.W. Lynch and H.G. Drickamer, J. Phys. Chem. Solkdis 63 Phys. Rev. B46, 14 359(1992.
(1965. 9L. Fast, R. Ahuja, L. Nordstmm, J.M. Wills, B. Johansson, and O.
2D.B. McWhan, J. Appl. Phys36, 664 (1965. Eriksson, Phys. Rev. Let?.9, 2301(1997.
30. Schulte, A. Nikolaenko, and W.B. Holzapfel, High Press. Res1°D.L. Novikov, A.J. Freeman, N.E. Christensen, A. Svane, and
6, 169(1991). C.O. Rodriguez, Phys. Rev. 85, 7206(1997).
4K. Takemura, Phys. Rev. Leff5, 1807(1995. 11D L. Novikov, M.l. Katsnelson, A.V. Trefilov, A.J. Freeman,
°0. Schulte and W.B. Holzapfel, Phys. Rev5B, 569 (1996. N.E. Christensen, A. Svane, and C.O. Rodriguez, Phys. Rev. B
€J.G. Morgan, R.B. VonDreele, P. Wochner, and S.M. Shapiro, 59, 4557(1999.
Phys. Rev. B54, 812 (1996. 12K, Takemura, Phys. Rev. B0, 6171(1999.
7K. Takemura, Phys. Rev. B6, 5170(1997). 13M. Steiner, W. Potzel, H. Karzel, W. Schiessl, M’ ffalein, and

054103-5



STEINLE-NEUMANN, STIXRUDE, AND COHEN

G.M. Calvius, J. Phys.: Condens. Mat&r3581(1996.

PHYSICAL REVIEW B63 054103

2%R.W. Stark and L.M. Falicov, Phys. Rev. Lett9, 795 (1967.

1D. J. SinghPlanewaves, Pseudopotentials and the LAPW Method®G.J. Piermarini, S. Block, and J.D. Barnett, J. Appl. Crystallogr.

(Kluwer, Norwell, 1994.

153, Perdew, K. Burke, and M. Ernzhofer, Phys. Rev. L&t.3865
(1996.

16H.J. Monkhorst and J.D. Pack, Phys. Revl® 5188(1976.

YE. Birch, J. Geophys. Re85, 227 (1952.

183, p. MarshLASL Shock Hugoniot Datdniversity of California
Press, Berkeley, 1980

193 M. Brown and R.G. McQueen, J. Geophys. R8s, 7485
(1986.

20y, N. Zharkov and V. A. KalininEquations of State for Solids at
High Pressure and Temperatuf€onsultant Bureau, New York,
1971).

2IA. James and M. Lordindex of Chemical and Physical Data
(Van Nostrand Reinhold, New York, 1992

44, 5377(1973.

2R.T. Downs, C.S. Zhan, T.S. Duffy, and L.W. Finger, Am. Min-
eral. 81, 51 (1996.

273.M. Besson and J.P. Pinceaux, Scief08 1073(1979.

283, Klotz, M. Braden, and J.M. Besson, Phys. Rev. L&t}.1239
(1998.

29A.W. Overhauser, Phys. Rev. Le&l, 4022(1998.

30B K. Godwal, S. Meenakshi, and R.S. Rao, Phys. Re66B14
871(1997.

31R.E. Cohen, O. Gigeren, and R.J. Hemley, Am. Miner&5, 338
(2000.

320, Glseren, R.E. Cohen, and H. Krakauer, Bull. Am. Phys. Soc.
44, 1490(1999.

334. R. Schober and H. Dederichs, Elastic, Piezoelectric, Pi-

22, Steinle-Neumann, L. Stixrude, and R.E. Cohen, Phys. Rev. B ezooptic, Electrooptic Constants, and Nonlinear Dielectric Sus-

60, 791(1999.

ceptibilities of Crystalsedited by K.-H. Hellwege and A. W.

2L, Fast, J.M. Wills, B. Johansson, and O. Eriksson, Phys. Rev. B Hellwege, Landolt-Bmstein, New Series IIl, Vol. 11, Pt. 3

51, 17 431(1995.

(Springer, Berlin, 1979

054103-6



