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All-electron full-potential calculation of the electronic band structure, elastic constants,
and equation of state for graphite
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The all-electron full-potential linear combinations of Gaussian-type orbitals—fitting-function technique has
been used to calculate the electronic structure, equation of (&8, and elastic constants for crystalline
graphite. An analysis of the zero-pressure band structure is used to resolve inconsistencies between previous
local-density-approximatiofLDA) calculations. The calculated band structure is consistent with experimental
data to the extent expected given the known limits of LDA one-electron energies. The in-plane lattice constant
found here exhibits the usual LDA-induced contraction, whereas the interlayer separation and the unit-cell
volume exhibit an anomalous expansion due to a LDA underestimate of the weak interlayer bonding. The
calculated values of;;+ C,, andC5; are in good agreement with ultrasound measurements, while the value
of C43 (=0) is much smaller than the ultrasound value. The bulk modulus and pressure derivatives of the
lattice constants derived from the theoretical elastic constants are in very good agreement with diamond anvil
cell (DAC) data, suggesting that the theoretical valueGggis more reliable than the ultrasound measurement.

An analytical EOS has been determined for pressures up to 50 GPa, well beyond the range of stability for the
graphite structure. The EOS and the pressure dependenai¢a afd the optical transition energié&; and
A,) are in reasonable agreement with DAC data up to 14 EHa163-18207)01118-1

I. INTRODUCTION high-pressure EOSRefs. 39, 40, and 44and elastic
constant® of graphite.

Graphite is a prototypical layered material, characterized In the present investigation, the all-electron, full-potential
by exceptionally strongp? covalent intralayer bonding and linear combinations of Gaussian-type orbitals fitting-function
weak van der Waals interlayer bonding. This highly aniso(LCGTO-FF technique has been used to calculate the elec-
tropic bonding gives rise to a number of unusual propertiedfonic band structure and total energy of graphite in the Ber-
that are of long-standing technological and scientifich@l structuré® (i.e., with AB stacking for various combina-
importance: Over the last two decades, there has been &0ns of the hexagonal lattice parameterandc. The total
resurgence of interest in graphite as a primary component ginergies have been used to determine the lattice parameters,

the graphite intercalation compounds formed by insertin lastic constants, and EOS for graphlte. In the next section,
he basis sets used and other details of the calculations will

various atoms or molecules between the loosely bonded lay-"— - .
y e discussed briefly. In Sec. Ill, the calculated band structure

ers of a graphite crystdl.For these reasons, a wealth of for : S .
: . for graphite near the equilibrium geometry will be assessed
experimental data has been amassed relating to the equathOr} numerical stability and will be compared with previous

3-7 H 8-12
gf 3?}3_3(35?3’ h'tela(s;tlc h(':to nsltant%, and ¢ tﬁnergyll theoretical results in an attempt to resolve some of the dis-
ands ot graphite. &raphite also was one ot Ihe €arlier . e nancies in the literature. Results for the zero-pressure ge-
materials studied with electronic structure technidugsd ometry and elastic constants will be presented in Sec. IV.
has been the subject of numerous theoretical investigations,e E0s and high-pressure properties will be discussed in

4—45
over the.yearé. _ o . . Sec. V. A few concluding remarks will be given in the final
In spite of all this activity, the theoretical picture of gection.

graphite  remains incomplete. The local-density-
approximation(LDA) electron energy band calculations for
bulk graphite carried out over the last decade have included
three pseudopotentidPP calculationd**** and two all- The calculations reported here employed the all-electron,
electron calculations; one using the full-potential linearizedfull-potential LCGTO-FF electronic structure technique as
augmented plane-wa&LAPW) method® and the other us- embodied in the program packag&orr*’ a generalization

ing the full-potential linear muffin-tin-orbital(FLMTO) of the two-dimensional2D) electronic structure program
method®® Although the various band-structure calculationsFiLMs (Refs. 48 and 4Pto include 3D periodicity. The
are in good qualitative agreement, there are large quantitatileCGTO-FF technique is distinguished from other extant
differences between them. In particular, the band energieslectronic structure methods by its use of three independent
determined with the two all-electron methods differ by asGTO basis sets to expand the orbitals, charge density, and
much as 1.9 eV, a rather disturbing result given that thes€DA exchange-correlatioXC) integral kernels; here using
techniques are routinely applied to systems with unit cellshe LDA parametrization of Hedin and LundqviétL).>°
containing hundreds of electrons, versus 24 for graphite. Fewhe charge-fitting functions are used to reduce the total num-
electronic structure calculations to date have addressed theer of Coulomb integrals by replacing the usual four-center

Il. TECHNICAL DETAILS
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integrals in the total energy and one-electron equations with
three-center integrals. The charge-fitting function coeffi-
cients are determined by minimizing the error in the Cou-

Graphite Band Structure

lomb energy due to the fitt thereby allowing high-precision 10 RS T RN RSN
calculations with relatively small basis séfs(This use of o o ' )
variational charge fitting clearly distinguishes the SR T
LCGTO-FF method from earlier fitting-function-based .:.n o e,
methods;>~>*in which the charge density and/or the poten- o § iy
tial were least-squares fittgdThe least-squares XC fit used . o .
here acts as a simple yet sophisticated numerical quadraturg, o1 .- %[ *s, 00 L I
scheme capable of producing accurate results with a ratheE7 =;"1; ' . -5:,. L
coarse numerical integration mesh. The overall precision off Teepeet " >
any LCGTO-FF calculation will, of course, be largely deter- 10 " " "t
mined by the selection of these three basis sets. . e
Several distinct orbital and fitting-function basis sets were ~ -15[ °*, o
used during the course of this investigation, both to test the e, .."
numerical stability of the calculations and to tailor the basis 20 LI ILM
sets used in a given portion of the investigation to the range K r M KH A L H

of lattice parameters under consideration. All of the orbital

basis sets used here were derived from a single reference riG. 1. The electronic band structure obtained here for graphite
basis set; a 1Bp1d primitive GTO basis set contracted into ysing the reference basis sets. The zero of energy is the Fermi
a 7s3pld basis set and augmented with a single diffuseenergy. All energies are in eV.

p,-type GTO to better describe the strong anisotropy in the

bonding. Reference basis sets also were developed for tr?ferdew-Zunger?P (P2) LDA model, a LCGTO-FF calcula-
fitting functions; an 82d charge basis and &2d XC basis.  {jon was carried out using the PZ model to test for sensitivity

All three of these reference basis sets have been describedi§ the LDA model chosen. The PZ results differed from the
detail elsewherg® Modifications made in the reference basis HL results by no more than 0.01 eV. Thus, the differences

sets will be describgd as needed. . . between the calculations must be due to computational im-
All necessary Brillouin-zoné€BZ) integrations were car- yracision

ied out via the i tetrahedral metfd iform 12 " i . : .

ried out via the linear tetranedral metioon a uniorm If the first six calculations listed in Table | are taken as a

X12X6 mesh with 76 irreducibl& points. During each cal- \yhole, it is possible to identify several quantitative features
culation, the self-consistent fiel(5CP cycle was iterated  of the band structure of graphite for which at least five of the
until the total energy changed by less thapRy per atom. iy calculations agree(1) The bottom of the occupied
band is located roughly 20 eV below the Fermi level and is
split by about 0.3 eV(2) The bottom of ther band is lo-
cated about 9 eV below the Fermi level and is split by 2 eV.
The band structure of crystalline graphite is closely re-(3) The top of the occupied band is slightly more than 3 eV
lated to that of graphene; a monolayer extracted from graphbelow the Fermi level and is split by no more than 0.1 eV.
ite. In fact, many early band-structure calculations used4) The first unoccupiedr band is slightly less than 4 eV
graphene as a model for graphifeThe electron orbitals in above the Fermi level. If these features are taken to represent
graphene are classified as (7) states if they have even the “correct” LDA band structure for graphite, it is then
(odd symmetry under reflection through the atomic plane.possible to identify “errors” in both of the previous all-
The band structure of graphene near the Fermi level is conelectron calculations.
prised of three occupiedr bands derived from the €2 The FLAPW calculatioff places the top of the occupied
2py, and 2, atomic states, a pair of bands derived from o band roughly 1 eV lower than any other calculation. In
the 2p, atomic stategone nearly full and the other nearly Ref. 40, it was noted that the energy of that state was sensi-
empty, and a series of unoccupied bands. Since each uniive to the number ok points used for the BZ integrations.
cell of graphite contains two very weakly bonded unit cellsin contrast, Schabel and Martffiound that the energy of
of graphene, the band structure of graphite can be roughlthat state is rapidly convergent with the numbeikgboints
approximated by splitting each graphene band into two, withused, varying by only 3 meV when they increased the num-
the splitting being largest at the bottom of each band. Thesber of irreduciblek points from 6 to 40, and concluded that
features are illustrated in Fig. 1, which shows the energyhe discrepancy between the FLAPW and PP results was due
bands obtained here for graphite witt=4.651 bohr and to differences in the BZ sampling schemes employed. During
c/a=2.75, using the reference basis sets described earlierthis investigation, it was found that increasing the number of
Table | lists the energies obtained here for the states at thiereduciblek points from 76 to 185 changed the band ener-
I' point and the splittings of the bands at th& point(using  gies by no more than 0.03 eV, in general agreement with
the notation of Ref. 58 and compares them with results Schabel and Martin& Given the fact that the FLAPW cal-
from other LDA calculation§®#1*3-%3As was noted earlier, culations used 140 irreducible points (more than 20 times
there are significant quantitative differences between thas many as the smallest set considered by Schabel and Mar-
various calculations. Since all of the calculations listed intins), it is difficult to imagine that any reasonable method for
Table | used either the HL LDA model or the selecting those 14R points could produe a 1 eViowering

Ill. EQUILIBRIUM BAND STRUCTURE
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TABLE I. Energies of thes and 7 states at th&" point relative to the Fermi energy and the splittings of
the 7 bands at theK point from various calculations; all energies are in eV. The notation used here is
consistent with Ref. 58. &) Charlier et al. (Ref. 41, PP; ) Schabel and MartingRef. 43, PP; ()
Furthmiller et al. (Ref. 44, PP; d) Jansen and FreemdRef. 40, FLAPW; (e) Ahuja et al. (Ref. 45,
FLMTO with a 2s2p2d basis; f ) present work, LCGTO-FF with reference basis setp; ffresent work,
LCGTO-FF with an enriched fitting function basis; ) Wills (Ref. 60, FLMTO with an enriched
5s5p2d2 f basis.

Pseudopotential All electron Enriched
State a b c d e f g h
a —-20.1 —-19.6 —-19.7 —-19.6 —-19.2 —19.61 —19.54 —19.66
-19.8 -19.2 —-19.35 -193 -—19.2 —-19.31 —-19.24 —19.38
T -8.9 -8.7 -8.8 -8.7 -7.8 —8.62 —8.59 —8.46
—6.8 —6.6 —-6.7 —-6.7 —-6.4 —6.59 —6.61 —6.54
T -35 -3.0 —3.05 —-4.6 —-34 —-3.41 —3.28 —-3.25
—-34 -3.0 -3.0 —4.6 —-34 —3.40 —3.26 —3.24
T 3.7 3.9 3.8 3.8 5.7 3.68 3.94 4.55
7.9 8.4 8.5 8.3 7.9 8.34 8.41 8.17
7.9 8.4 8.5 8.4 8.0 8.38 8.46 8.22
Es—E, 0.80 0.58 0.57 0.61 0.60
E.i—E; 0.86 0.74 0.68 0.74 0.73

of the highest occupied band relative to the other bands. It GTOFF, was achieved with charge and XC basis sets in which
seems more likely that the FLAPW calculation suffered fromthe two d-type fitting functions of the reference basis sets
some form of basis set induced numerical instability in thewere replaced by three; see columrof Table I. Only two
px andp, states near th& point. significant changes occurred in the band struct(tgeall of

The FLMTO calculatiof® disagrees with all of the other the o bands were shifted upward relative to thebands by
calculations listed in Table | with regards to several of theabout 0.1 eV;(2) the first unoccupiedr band is shifted up
basic features of the band structure for graphite. First, theelative to the othetr bands by another 0.2 eV. These shifts
FLMTO calculation found no splitting at the bottom of the provide a rough estimate for the uncertainty in the present
occupiedo band. In fact, one of the conclusions of Ahuja results.
et al* was that the degeneracy of the bands could be To clarify matters with regards to the FLMTO calcula-
removed by reducing the volume under pressure. Théion, one of the authors of Ref. 45, Wills, has performed
FLMTO calculation also significantly underestimated theFLMTO calculations on graphite using basis sets of various
splitting at the bottom of ther-band; finding a 1.4-eV split- sizes with optimized tail parametéi$The smallest basis set
ting versus the roughly 2-eV splitting found in all of the employed was the same size as that used in Ref. 45
other calculations. Finally, the FLMTO calculation places(2s2p2d); an example of the so-called “double-basis sets”
the lowest unoccupied state nearly 2 eV further above the that are commonly used for high accuracy FLMTO calcula-
Fermi level than any other calculation. None of these largeions. Although the use of optimized tail parameters in-
discrepancies with the existing literature was remarked upooreases the and 7 band splittings, the double-basis set cal-
in Ref. 45. Since ther and 7 band splittings are closely culation still underestimates both splittings by about 20%.
related to the interplanar bonding and the first unoccupied When the FLMTO basis set size is increased, the occupied
state extends far into the interplanar region, the discrepancidsand energies converge rapidly to values that are in good
are most likely related to the selection of the tail parametersgreement with the values found here. The band energies
used in the FLMTO calculation. obtained with the largest optimized FLMTO basis set

The three PP calculations are all in reasonable agreeme(6s5p2d2 f ) are listed in columrh of Table I. (Note that
with the present LCGTO-FF calculation. The remaining dis-this enriched FLMTO basis set is larger than the double-
crepancies can be attributed to differences in basis set riclipasis sets that were used to study the electronic structures
ness and variations in the pseudopotentials used in the threéd phase stabilities of three light actinide metalsThe
older calculations. To pin down the locations of the bandsnriched basis-set FLMTO and LCGTO-FF results for
more precisely, several LCGTO-FF calculations were carriedjraphite agree to within about 0.15 eV for all of the occupied
out using enriched basis sets. First, the orbital basis was irand energies. However, the enriched basis-set FLMTO cal-
creased to an$bp2d contracted basis set augmented with culation still places the unoccupiedband about 0.6 eV too
one additionap, GTO. The resulting band energies differed high relative to the Fermi level. This result may reflect the
from the values in columri of Table | by only a few hun- fact that a basis set which has been optimized by minimizing
dredths of an eV, indicating good convergence of the bandhe total energy may not provide the best possible represen-
energies with respect to the orbital basis set size. Calculaation for the unoccupied states.
tions were then carried out using the reference orbital basis The “best” fit results obtained hergolumng of Table |
set with various enriched fitting function basis sets. Theare compared with experimental band energies from various
“best” fit, as measured by test parameters calculated irsources in Table II. The occupied band structure of graphite
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TABLE Il. The best fit LCGTO-FF LDA results for the energies of #he@nd 7 states at thé' point relative to the Fermi energy and the
splittings of thew bands at theK point are compared with experimental values; all energies are in ed). Eberhardtet al. (Ref. 18;

(b) Law et al. (Ref. 22; (c) Marchandet al. (Ref. 23; (d) Takahashet al. (Ref. 29; (e) Hanflandet al. (Ref. 6); (f ) Bellodi et al. (Ref.
14); (g) Fausteret al. (Ref. 21, Schder et al. (Ref. 28, Maedaet al. (Ref. 29, Claessenet al. (Ref. 31, and Collinset al. (Ref. 32.

ARPES IR ARIPES
State LDA a b c d e f g
o —19.54 —20.6
—19.24
T —8.59 -8.1 —-8.5 -9.0 -9.3
—6.61 —-7.2 —-6.5 —-7.6 —-8.1
o —-3.28 —4.6 —-5.5 —-53 —-4.3
-3.26 -4.6 -55 -5.3 -43
o 3.94 45-5.0
8.41 9.5-10.0
8.46 9.5-10.0
Es—E, 0.60 0.68 0.74
E,—Es 0.73 0.81 0.88

has been studied extensively over the yeHts'822-24using  energies and splittings of graphite with the experimental val-
a wide variety of techniques, including angle-resolved pho-ues in Table Il reveals several interesting featufég:The
toemission spectroscogpRPES. Columnsa—d in Table Il LDA energies for the occupied bands fall within the range
list energies obtained from ARPES measurem@its?*for  of the ARPES data(2) the LDA energies for the occupied
the occupied states at thiepoint. Although there is consid- bands are consistently higher than the ARPES data by at
erable scatter in the data, presumably due to difficulties ineast 1 eV;(3) the LDA values for the splittings in ther
resolving the individual features of the spectra, there doebands near th& point are in good agreement with the IR
not appear to be any disagreement about the assignmentsdita, albeit slightly smaller; an@d) the LDA energies for the
those peaks to particular critical points in the band structureunoccupieds bands are smaller than the values taken from
The 7 band splittings at th& point have also been identified the ARIPES measurements by 0.7-1.6 eV. These features
unambiguously in the infrared reflectan€¢dR) spectra of can all be understood in terms of the known limitations of
graphite. Results from two IR measuremé&ifare listed in  the LDA. In general, LDA calculations tend to underestimate
columnse andf of Table II. separations between energy bands; the well-known band gap
The unoccupied band structure of graphite was the subjegtroblem. Since the Fermi level is pinned at the junction of
of theoretical and experimental controversy for several yearghe bonding and antibonding bands, the LDA energies for
The focus of that controversy was the location of the lowesthose bands relative to the Fermi level are in reasonably
unoccupieds band, which is associated with a state that isgood agreement with the experimental data. The occupied
localized in the interlayer region, as is evidenced by its rathetunoccupiedl o bands are then shifted upwar@ownwards
large (2.9 eV) dispersion in thec direction between thd  relative to thew bands and the pinned Fermi level, by
andA points; see Fig. 1. Angle-resolved inverse photoemistoughly 1 eV. Thus, the LDA energies listed in Table Il
sion spectroscopy(ARIPES measurements by Fauster provide a theoretical picture for the electronic structure of
et al?!in 1983 located the bottom of this “interlayer” band graphite that is consistent with the available data.
4.0+ 0.5 eV above the Fermi level, in good agreement with a
PP calculation by Holzwartlet al3® Later that same year, |v. LATTICE PARAMETERS AND ELASTIC CONSTANTS
angle-resolved secondary electron emission spectroscopy ] ]
(ARSEES measurements by Laet al?? suggested that the The reference basis sets were u_seq to calculate the bind-
bottom of the unoccupiea band actually was located 7.6 eV ing energies ) of graphite for 24 distinct combinations of
above the Fermi level, in good agreement with a second Pfe hexagonal lattice parameteasand ¢, with a ranging
calculation by Tatar and Rabif. Subsequent ARIPES from 4.5 to 4.7 bohr and/a ranging between 2.5 and 3.0.
measurementé2%313%consistently located the “interlayer” The low-pressure properties of graphite were then deter-
band 4.5-5.0 eV above the Fermi level, whereas all otheflined by least-squares fitting the calculated binding energies
measurement$25262% placed it about 7.5 eV above the With a generalized two-dimensional cubic functionaofind
Fermi level. In 1988, Maedat al?® persuasively argued, on € with the form
the basis of an analysis of ARIPES and ARSEES measure- 3
ments, that only the former technique was able to discern the
bottom of the unoccupied band, and that the structure be- E(a,c):ZB
ing seen at 7.5 eV with the other methods was actually as-
sociated with an unoccupied state at fhepoint. The range whereay andc, are the values ad andc at the local energy
of conduction band energies found in several ARIPESminimum that lies within the range of the data. From the
experiments:2829313% e |isted in columry of Table II. variational principal, Do and Do; must both be identically
Comparison of the “best” fit LDA results for the band zero. The ten nonzero parameters obtained from the fit are

3—i
]2 Djj(a—ap)'(c—co), 1)

0
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TABLE lll. Parameters for the generalized two-dimensional cu-
bic function[Eq. (1)] used to fitE(a,c).

J. C. BOETTGER
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TABLE V. Theoretical and experimental values for four
symmetry-preserving elastic constants of graphit€;,¢ C,),
Cas, Cyq3, andC! (in Mban).

Dso —0.518 029 51 D3 —0.000 584 04

D, 0.002 892 93 Dy, —0.001 366 44 Source C11+C1)  Cas Cis ct

D20 0.965682 77 Do, 0.002 002 88 FLAPW (Ref. 40 14.3 056 —0.12 265

D1 000025528 Doo 261259753 LCGTO-FF (Present 12.796  0.408 —0.005 2.272

8o 462596774 Co 12.81886430 £ 0t 300 K(Ref. 8 12.4 0365 015 2088
Expt. 0 K(Ref. 12 13.3 0.41 0.40 2.086

listed in Table Ill. The quality of the fit to the data is excep-

tional, with a standard deviation of only 2iRy/cell out of a 2 o

fitted binding energy range of 0.016 Ry/cell, clearly indicat- Coit C :i E @)

ing the high level of numerical stability achieved with 11279y, sa’’

GTOFFR

The lattice parameters, c, c/a, andV, obtained from 2 SE
. g . . 0

the cubic fit[Eq. (1) and Table II] are compared with vari- 3= =7, 3

ous theoretical and experimental results in Table IV. The Vo 6C

theoretical values include all-electron FLAPW restfltand

two sets of PP resulf§:** The experimental data are com- Coay 6°E

prised of three sets of room-temperature measurerhefits 18372V, sasc’ )

and a set of 100 K estimates derived from the room-

temperature results of Ref. 4 by applying thermal expansiomResolution ofC,; and C,, would require some symmetry-
data for pyrolitic graphit€® The theoretical values for the breaking distortion, such as a uniaxial compression perpen-
intraplanar lattice parameter are all slightly smaller than thedicular to thec axis. One additional symmetry-preserving
experimental 100-K estimate, as is usual for LDA calcula-elastic constant that can be derived from those already given
tions. In contrast, the calculated interplanar lattice paramis the tetragonal shear modulus,

eters all exhibit an anomalous expansion relative to the ex-
perimental 100-K estimate, indicating that the LDA potential (5)
slightly underestimates the weak van der Waals interaction

between the layers. This underbinding can be understood associated with volume-conserving tetragonal distortions
a manifestation of the well-known inability of the LDA to along thec axis.

C'=5[(Cy1+Cyp+2Cy3—4Cy3],

accurately represent thezlpotential seen by an electron far

The four symmetry-preserving elastic constants;y(

from a surface, or in this case a graphene layer. The 0.6% C,,), Cs3, Cy3, andC' obtained here are compared with

contraction ina and 1.6% expansion in combine to pro-
duce a smal(0.4%) expansion of the atomic volume.

the FLAPW results of Jansen and Freefffaand ultrasound
(US) datd*?in Table V. The FLAPW results were obtained

The analytical form of Eq(1) can be used to determine a from a quadratic fit to 13 energies, whereas the present re-
number of additional properties of graphite via elastic theorysults were obtained from a cubic fit to 24 energies. For this
as was discussed in detail by Jansen and Fredfiahtee  reason, the LCGTO-FF elastic constants should be more pre-
linear combinations of the five independent elastic constantsise than the FLAPW results. The LCGTO-FF predictions
for graphite can be determined from the second derivativefor (C,;+ C,,) andCs; differ from the 0 K values of Gauster
of E(a,c), each associated with a symmetry-preserving disand FritZ? by less than 5%. This level of agreement is quite
tortion of the lattice: good for parameters that are determined from second deriva-

tives of a fitted curve. There is however a serious disagree-

TABLE IV. Comparison of theory and experiment for the zero- ment between the measured value€gf and the theoretical
pressure lattice paramete(es andc; bohn, c/a ratio, and cell vol-  results, with the former being positive and the latter being
ume (Vo; bohr/atom for graphite. negative.(Both theoretical values are zero within the limits
of precision for the respective calculatiocfs.This discrep-

Source a c da Vo ancy will be discussed further below.
PP (Ref. 43 4632 1270 2742  58.99 ¥ Thebsymmsttry—preser\;lngtﬁlas'uc consttant?hg|;/en in T:}:\ibleI
PP (Ref. 44 4611 12622 2737 5810 Y 4N ilgl ”S\ﬁith ?1 gotlarne:atie ?E oesr f_’naramer enzs nta t"’r‘]rerr%“ '”re y
FLAPW (Ref. 40 4.64r 12903 2.777  €0.33 \a}i(tzjci:rfgsaneindeper)]/de?]? ?es?[ for the ?Z]ELlJSaLilit)e/ o? thse, prZseen): Irae?
EC?TZOS;ET((F;efsem jg;g E'g;i ;;;2 :g'jj sults. As was discussed by Jansen and Freéfhte, static-

XPL (Ref. 4 : ' . : lattice bulk modulusB can be calculated from
Expt. 300 K(Ref. 5 4.647 12.673 2.726 59.25
Expt. 293 K(Ref. 62 4.651 12.678 2.726 59.38 2
Expt. 100 K 4654 12619 2711  59.17 B C33(C11+C1p) —2C7 ®

 (Cq1+Cyp) +2C33-4Cy3
3/alues at 100 K obtained from the room-temperature data of Ref.
4 by applying thermal expansion data for pyrolitic graphite from while the pressure derivatives of the hexagonal lattice con-
Ref. 63. stants are given by
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TABLE VI. Theoretical and experimental values for the bulk tions were then carried out at four or five evenly spaced
modulus(B; Mbar) andlpressure derivatives of the lattice param-values ofc/a for each volume; i.e., the crystal was subjected
eters(a’ andc’; Mbar ") for graphite.(Present values are from a to a volume conserving tetragonal distortion. A total of 43
cubic fit. US, ultrasound data; EOS, equation of state pata. binding energies were generated in this marifer.

Although the two-dimensional cubic function given in Eq.

Source B al ¢’ (1) provides an excellent fit to the binding energy of graphite
FLAPW (Ref. 40 0.502 —0.0852 182 near the energy minimum, it cannot be expected to fit ener-
LCGTO-FF (Present 0.383 —0.0791 —2.45 gies t_hat are far from the minimum. For this reason, an a_I-
EOS 300 K(Ref. 5 0.338 —0.0800 _280 ']Eernatlr\]/e ap%r_ozgh was uged to extract the _EOS of g_raph|te
US 300 K(Ref. 8 0.358 0.0480 —270 rom the 43 binding energies. F|rsfc, the binding energies for
each volume were fitted with a third-order function afo
US 0(Ref. 12 0.410 —0.0019 —2.44 ) . .
determine the minimum energy amda ratio for that vol-
ume. The cubic fit parameters were also used to calculate the
s (a Cas—Cis - tetragonal shear modulus at each volume using the equation
a=—|—|=
P \ap) 2Cf3—CayC1ytCyo) . ag [&%E
and © 1, |52, ®
o= 6 [c)_ (CutCyip—2Cy3 ® The energies of the two optical transitions near khgoint,
- 6P lcg) 2Ci3—Cay(Cyy+Cyy)° A, andA,,® were also estimated for each volume via a linear

interpolation. The binding energies/a ratios, shear mod-

The values obtained here for these parameters are listed {f}ji and optical transition energies determined in this fashion
Table VI along with results from the FLAPW calculatioffs, are jisted in Table VII. A detailed comparison of the sym-

values deduced from the US elastic constant data in Tablg,eqica| orbital basis set results far=V, with the reference
V,>" and values obtained directly from hydrostatic EOSpqgijg set results reveals that the reduced basis set size pro-
data” For B andc’ there is good consistency between theq,ces a 3 mRy increase in the binding energy, a 0.14% re-
experimental data and the present LCGTO-FF results, withyction inc/a, an 8% increase i!, and a 0.04 eV increase
the room-temperature values B{c') being smallerlargen (decreasgin A;(A,).

than te 0 K values, as would be expected on physical 14 zjlow a more precise determination of the EOS for
grounds. There is, however, a significant discrepancy begraphite, binding energies were calculated for three addi-
tween the US and EOS values af, with the latter value  tional cell volumes near the energy minimum using a single
being in good agreement with both theoretical results. Thenterpolatedc/a value for each volume, see Table VII. The

di,sggreement between the US and LCGTO_'FF values fogiatic-lattice EOS was then determined by fitting all 12 bind-
a’ is clearly due to using different values f0q3; see Table i energies in Table VII with a third-order polynomial in

V. Thus, the fact that the present result @ is in good  \/=13 The fitted binding curve is compared with the calcu-

agreement with the EOS measurements provides powerfyhieq pinding energies in Fig. 2. The standard deviation for
indirect evidence that the LCGTO-FF result 053 is more e it was only 0.33 mRy/cell out of a total energy range of

reliable than the US measurement. 73.80 mRy/cell. Pressures obtained from the EOS fit for the
12 volumes used here are given in Table VII.
V. EOS AND HIGH-PRESSURE PROPERTIES The zero-pressure cell volumes, binding energies, and

bulk modulii (By) obtained with the EOS fit and the earlier

Sincec’ is more than an order of magnitude larger thancubic fit are compared with other LDA calculatiéfé®+*
a’, the anisotropy of graphite will decrease rapidly underand hydrostatic daf&®?in Table VIIl. (The zero-pressure
pressure. For this reason, the asymmetrical reference orbitala value listed for the EOS fit was obtained from a linear
basis set used thus far is not suitable for calculating the highinterpolation) The equilibrium cell volume determined with
pressure EOS of graphite. At the same time, any attempt tthe EOS fit is 1.6% smaller than that obtained with the more
use two different basis sets to calculate the low- and highprecise cubic fit. In similar work on corunduth,using a
pressure portions of the EOS will inevitably produce a dis-single basis set, it was found that the cell volumes obtained
continuity in the binding energy curve. To avoid these diffi- from cubic and EOS fits differed by less than 4 parts per
culties, the entire EOS of graphite was calculated using anillion. This suggests that the much larger volume shift
symmetrical orbital basis set, formed by removing the ondound for graphite is largely due to the change in the basis
extrap, GTO from the reference basis. Although this changeset, not the difference between the two fitting procedures.
in the basis set will produce a slight reduction in the preci-The reduction in volume then causes a slight decrease in
sion of the calculations, the impact of the change will bec/a and a significant33%) increase irBg. In spite of these
largest at zero pressure, where it can be assessed by compafiifts, the zero-pressure results from the EOS fit are gener-
son with the results obtained with the reference basis set, arally consistent with the results of prior calculations and are
then get progressively smaller as the system becomes moie acceptable agreement with the experimental data, given
symmetrical under pressure. the exceptional softness of graphite.

Nine equally spaced cell volumes ranging between 0.7 The pressure versus volume curve obtained from the EOS
and 1.1 times the zero-pressure volume from the cubic fifit is compared with room-temperature datan Fig. 3. The
were chosen for consideration. Electronic structure calculadata of Zhao and Spaﬁn(ZS) show considerable scatter,
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TABLE VII. Binding energy (E,; Ry/cell), c/a ratio, tetragonal shear moduly€'; Mbar), optical
transition energiesA; and A,; eV), and fitted pressuré; GPa for each fractional voluméV/Vy; V,
=237.5666 boh.

VIV, Ep cla ct Ay A, P
1.10 —2.605 443 3.0236 2.173 0.38 039  —4.06
1.05 ~2.607 912 2.8941 2.033 0.50 052  —273
1.025 —2.608 754 2.83 ~1.86
1.00 —2.609 491 2.767 1 2.452 0.66 069  —0.80
0.975 —2.609 510 2.79 0.45
0.95 —2.609 126 2.6431 2.446 0.84 0.90 1.96
0.925 —2.608 076 2.58 3.75
0.90 —2.605 889 25195 2.628 1.06 1.21 5.89
0.85 —2.599 930 2.403 8 2.944 1.32 1.59 11.47
0.80 ~2.586 117 2.2880 3.393 1.64 2.08 19.44
0.75 —2.566 973 2.1839 3.815 2.01 2.67 30.84
0.70 —2.535 710 2.090 3 4.563 2.44 3.37 47.35

4nterpolatedc/a values.

suggesting that it may have been taken under nonhydrostatic The calculatedt/a values listed in Table VII are plotted
conditions, thereby providing an upper bound to the room-as a function of relative volume in Fig. 4, along with the
temperature hydrostat. Since the data of Hanflandl® is  300-K data of ZS(Ref. 4 and FLMTO results taken from
smoother and lies along the lower edge of the ZS data, iTable | of Ahujaet al*® (Thec/a values given in Table | of
probably gives a better representation of the 300-K isothermRef. 45 do not agree with the values plotted in Fig. 6 of that

On the other hand, the theoretical curve in Fig. 2 models theference. This inconsistency is not fully understood at this
0-K isotherm and should therefore act as a lower bound @®me) The c/a values obtained here form a smooth line

the room-temperature hydrostat. Instead, the calculated Curyg.; jies slightly above the experimental data and steadily

provides a rather good fit to the 300-K data of Hanfland,,erqes with that data as the volume is reduced. This re-

et al” with the exc_eption pf passing well below the measureds It can be understood as another manifestation of the LDA
zero-pressure point. This result suggests that the presep

LDA calculations slightly overestimate the volume at each! derestimate of the weak van der Waals interlayer bonding.

pressure. This result is consistent with the earlier suggestiowhen the volume is reduced under pressure, the anisotropy

that the LDA model underestimates the weak van der Waalgf the ponding Is also reduced, as is evidenced by the smaller
interplanar binding. Overall, the present calculations agre&la ratio a_nd_larger tetragonal shear modulus. Thus,_the
with the experimental data to the extent that can be expectedP” Potential is better able to model the interlayer bonding
for state-of-the-art LDA calculations such as these. at high pressures. F&f~V,, the FLMTO resultin Fig. 4 is
in nearly perfect agreement with the LCGTO-FF result. As
the volume is decreased, however, the FLMTO curve crosses
Graphite Binding Curve the experimental data and then runs roughly parallel with the

-2.52

TABLE VIII. Zero-pressure values for the voluméVy;
boh#/cell), c/a ratio, binding energyE,; Ry/cell), and bulk modu-
lus (By; Mbar) obtained from the third-order EOS fit are compared

s with previous electronic structure results and hydrostatic data.

;3 256 | Source Vo cla Eq Bo
g PP (Ref. 43 23598 2742 —2.59

o sl PP (Ref. 44 232.407 2.737 —2.654 -
- FLAPW (Ref. 40 241.305 2.777 0.502
o

LCGTO-FF(EOS fif) 233.651 2.726 —2.610 0.509

-2.60 LCGTO-FF (cubic fit) 237567 2.771 -2.613 0.383

Expt. 295 K(Ref. 4 237.64 2.724 0.308
Expt. 300 K(Ref. 5 237.00 2.726 0.338
262 0.70 0.0 ) 100 10 Expt. 293 K(Ref. 62 237.51 2.726
Relative Volume Expt. 100 K& 236,71  2.711

FIG. 2. Calculated binding energiéRy/cell) and fitted binding  ®Values at 100 K obtained from the room-temperature data of Ref.
curve for graphite, relative to the zero-pressure volume found with4 by applying thermal expansion data for pyrolitic graphite from
the cubic fit;V,=237.5666 boh. Ref. 63.
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Graphite Equation of State
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FIG. 3. Calculated pressure vs relative volume curve compare
with room-temperature data from Ref. &ircle) and Ref. 5
(square. The reference volume is the ambient volume from Ref. 5;
V,=237.00 boht

data. In general, the behavior of the LCGTO-Efa curve

seems more plausible than the behavior of the FLMTO

curve.

The optical transition energie&; and A, are plotted as
functions of pressure in Fig. 5, along with 300-K reflectivity
data from Hanflancet al® and FLMTO results from Ahuja
et al*® For A;, the LCGTO-FF curve is in excellent agree-

ment with the experimental data, whereas the FLMTO curve
lies about 0.1 eV below the data. Roughly one-third of the

difference between the LCGTO-FF and FLMTO results
(0.04 eV) can be attributed to the use of the symmetrical

Graphite c/a-Ratio
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28 |

26 |

c/a-Ratio

24

22
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0.70 0.80 0.90 1.00
Relative Volume

FIG. 4. Thec/a ratio vs relative volume curve from the present
LCGTO-FF calculationgsolid line) is compared with the FLMTO
results of Ref. 45dashed ling and room-temperature data from
Ref. 4 (solid circleg. The reference volume is the ambient volume

Graphite A, vs. P
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FIG. 5. The optical transition energids, (a) and A, (b) are
shown as functions of pressure for the present LCGTO-FF calcula-
tions (solid line), the FLMTO calculations of Ref. 4&lashed ling
and the room-temperature measurements of Ré$obd circles.

orbital basis set instead of the larger reference basis set. The
remaining difference between the two calculations probably
is not significant. ForA,, the LCGTO-FF and FLMTO
curves are in good agreement, with both lying 0.1-0.2 eV
below the experimental curve. Both LDA calculations accu-
rately reproduce the pressure dependence of the optical tran-
sitions.

VI. CONCLUSIONS

The all-electron, full-potential LCGTO-FF technique has
been used to perform high-precision electronic structure cal-
culations on bulk graphite. An analysis of the zero-pressure
electronic structure indicates that the large inconsistencies
between the PP band-structure calculaftéf$**and prior
all-electron calculatiof§**were, in fact, due to inaccuracies
in the all-electron calculations. The present all-electron band
structure for graphite is consistent with experimental data to

from Ref. 5;V,=237.00 boht. the extent that can be expected given the well-known limita-
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tions of LDA one-electron energies. A second set of LCGTO-FF calculations was used to gen-
A two-dimensional cubic fit to 24 binding energies calcu- erate an analytical EOS for graphite for pressures up to 50
lated for hexagonal lattice parameters near the equilibriunPa, well beyond the stability range for the graphite struc-
was used to determine zero-pressure values for the lattideire. The fitted EOS and the pressure dependencies of the
parameters and symmetry preserving elastic constants. Tha ratio and optical transition energi€¢d,; and A,) are in
intralayer lattice constant found here exhibits the usual LDA-good agreement with DAC data up to 14 GPa. Many of the
induced contraction, whereas the interlayer separation anitlends in the calculated results again suggest that the LDA
the unit-cell volume exhibit an anomalous expansion due to @otential slightly underestimates the weak van der Waals in-
LDA underestimate of the weak van der Waals interlayerterlayer bonding. As the volume is reduced under pressure,
bonding. The calculated values @f;;+C;, andC5; are in  the anisotropy in the bonding is also reduced and the LDA
good agreement with ultrasound measurements, while theesults become more reliable.
predicted value o5 (=0) is much smaller than the ultra-
sound _value. The bulk r_nodulus and pressure derivat_ives of ACKNOWLEDGMENTS
the lattice constants derived from the theoretical elastic con-
stants are in excellent agreement with diamond anvil cell Helpful communications with J. M. Wills, S. B. Trickey,
(DAC) data, suggesting that the theoretical result@ggis  B. I. Dunlap, and M. C. Schabel are acknowledged. This
probably more reliable than the ultrasound measurement. work was supported by the U.S. Department of Energy.
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