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Structural and electronic properties of lithium intercalated graphite LiC g
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We calculate the lattice properties and electronic structure of graphite agdnliti@n the most widely used
density-functional theory implementation, the local density approximdti@® ). Improvements to the LDA
in the form of a generalized gradient approximati@GA) are explored. Structural parameters predicted by
the LDA, as expected, underestimate experiment within a 1%—-2% margin of accuracy. The GGA does not give
a good account in the prediction of lattice parametezspecially in graphite, although it does give a reliable
description of LiG. The effect on intercalating lithium into graphite, where charge transfer from lithium to
carbon layerggraphenesis expected, is discussed from the valence charge density, partial density of states,
and energy band structure plots. The latter plot is also compared with inelastic neutron scattering results and
low-energy electron diffraction results. We extend this work by calculating the elastic constants and bulk
modulus for both graphite and LiCstructures. These results are in excellent agreement with the available
experimental data. The calculated hydrostatic pressure dependence of the crystal structures is also found to be
in good agreement with the results of high-resolution x-ray structural studies and with other experimental data
as well as with other calculations. The analysis of electronic structure at Q&Bfaent pressujds used to
resolve inconsistencies between previous LDA calculations.
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. INTRODUCTION inelastic neutron scatterirf§?* angle-resolved photo-
emissiort?-?*and angle-resolved inverse photoemis&forf
Graphite intercalation compound&IC’s) are formed experiments. Energy density curves of soft x-ray emission of
through a process of electron exchange between the host lagraphite and the band densities of states were measured by
ers and different types of atoms and molecules. Graphite iDose et al?® and inverse photoemission spectroscopy was
an interesting example of a layered material with asind  used to detect the interlayer states in grapfifEhese states
p (2s? and 2p*) electrons contributing to the valence band.were also revealed in the carbmear-edge x-ray absorbed
This consists of weakr bonds originating from @, orbitals  fine structurg NEXAFS) measuremerif Considerable work
between the layers along the crystallographéxis. Detailed  has been performed on the valence-band structure of graphite
band structure calculations have been made for grdghite  using x-ray emission experiments®? Analysis of the direc-
to energies 50 eV above Fermi energy. The so-called firsttion of polarization of the emitted x rays showsand =
stage lithium intercalated graphite LgGs one of the most components of states originating from atorpistates.
thoroughly studied alkali-graphite compounds playing an im- The elastic and thermal properties of graphite have been
portant role in understanding the performance of carbonextensively studied by x-rdy and inelastic neutron
based anodes in rechargeable Li-ion battetidpon interca-  scattering® techniques. Graphite has been examined under
lation of Li ions into graphite, some fraction of the L2 high pressure of up to 73 GPa over several decitiessitu
valence electron density becomes delocalized on the carboaray diffractiorf and micro-Ramai measurements reveal
layers. On the basis of band structure calculations it is proevidence of a phase transition at 15-20 GPa. Isothermal
posed that lithium acts as an electron donor indidhe c-axis compressibility and thermal expansion have been
previous7* (antibonding orbitals in graphite are partially measure® using neutron diffraction at pressures up to 20
filled by the excess felectrons from the lithium atoms and GPa. Most theoretical studies of the compressibility have
the Fermi level is raised accordingly. These generate ionitised phenomenological models of the interatomic fof¢és,
binding between the layers, hence generating high-mobileFhese models appear to describe the compressional elastic
charge carriers in Lig. Little is known about the effect of constantCs; and its variation with pressure reasonably well
intercalation on the shape of graphite and the diffusivity ofto 1 GPa, but are inappropriate for describing the shear
the Li ion during the cycling process. In the present paper wenodulusC,,4 (Ref. 36 Jansen and Freemdrused the all-
focus our attention on the structural aspects and the ele@lectron full-potential linearized augmented plane-wave
tronic structure of LiG. (FLAPW) method to calculated elastic constafig;+C1,
A wealth of experimental data has been amassed relatingnd C5; for graphite with C,5 different from experiment.
to the equation of state® (EOS and elastic constarft®*®>  Chanet al*® used bothab initio pseudopotentials and linear
of graphite. Measurements of electronic properties of grapheombination of atomic orbitalfLCAO) to calculateC,,
ite have been extensively carried out using x-¥&y°Ra- -+ C;, for graphite. Al-Jishi and Dresselhatigeported the
man scattering;}?>” synchrotron radiation-induced photo- elastic constant for graphite using the Born—von Karman
electron spectroscopy(XPS),!® infrared reflectanc!® lattice-dynamical model. Lanet al*° also used the De Lua-
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nay lattice dynamics model to calculate the elastic constantSec. ) at ambient pressure. However, not much work ap-
for both graphite and Lig. pears on the pressure variation of the relative lattice param-
The band structure of graphite in an energ%Trange close teters of graphite and, in particular, LyCThere is a consid-
the Fermi energy was first calculated by McLurand Slon-  erable less theoretical work on compressed graphite and
czewski and Weirf§ (commonly known as the SWMcC aimost no pressure work reported in literature ong.iOur
mode). The electronic structure of graphite has been calcuzyrrent work presents the first high-pressure theoretical re-
lated self-consistently by means of the local density approxigy|ts of LiG,. Such calculations are of interest since the
mation (LDA) by numerous workers using different compu- yariation of thec axis with pressure in graphite is an impor-
tational methods such as the LCA®Thomas-Fermi plus tant observable.
gradient approgimatioﬁ‘f the Korringaégggn-Rostokéf“ﬁ In Sec. Ill, we review theab initio total-energy pseudo-
(KKR) met_hot_f the FLAPW method?” . 5{“" potential  hotential method, a self-consistent density-functional ap-
linear muffln-t_|n-orbltaI(FLM'ggDLYmgthod? ~'theab initio  proach using norm-conserving pseudopotentials and ultrasoft
pseudopotenua[l;Fa. method;”™>" linear muffin-tin-orbital  hseydopotentials within both the local density and general-
(LMTO) method® within the atomic sphere approximation izeq gradient approximations for exchange and correlation.
(ASA) and all-electron full-potential linear combination of |y sec. |V we discuss in detail the impact of the LDA and
Gaus_&an-{tﬁype orbital fitting-function (LCGTO-FF  GGA on the prediction of the lattice parameters of graphite
technique® The LCGTO-FF technique has been used to cal,pq LiGs. In Sec. V we present results obtained on the struc-
culate the electronic structure, equation of state, and elastig, parameters such as the lattice constants, volume, and
constants of graphite. Electronic structure calculations, tqyjk moduli. Section VI shows and discusses the elastic con-
date, 'h?\ég_elbeen carried out on the high-pressurgianis for both graphite and LiC where both LDA and
behaviof”**~®'of graphite. Calculations on compressed hex-gG results are compared with available experimental data.
agonal graphite structure have been perfortfieaid show | 'Sec. Vil we discuss partial density of stat@®DOS of
that thec axis becomes much more compressed thanathe granhite and LiG. In this work we therefore aim to present
axis. Recent density-functional theofFT) calculation of 1o hew pressure work on LiCand the calculated elastic
the quasi-two-dimensionauasi-2D electron systems, with  cnstants within both the LDA and GGA. We also aim to

grapthite as an (i?(ar(rg%i)sqggested tha(; the ,g‘;",nera"?ez%griﬂiprove the understanding of the electronic structure of both
ient approximatio gives poorer descriptions o graphite and Lig, which will be achieved by calculating

systems than the LDAC and comparing the DOS of both systems
The physical properties of LiC have been studied paring y '

through angle-resolved photoelectron spectroséof,
nuclear magnetic resonanceNMR),®* Raman spectro- 1. METHODOLOGY

4 .ope . . . .
scopy®* specific heat, metallic reflectidfi, anisotropic .
Py sp R All calculations use the total-energf ) codecasTer’®

conductivity!® low-energy photoemission spectroscgpy, \@lgﬂch employs pseudopotentials to describe electron-ion in-

and optical spectra measurements. Charge transfer effeq[eractions and represents electronic wave functions using a
have been investigated experimentally for kidsing angle- plane-wave basis séf.The total energy is calculated both

resolved photoelectron spectroscépgnd x-ray photoemis- = ="

: . ithin the framework of the LDA, the Perdew-Zungepa-
sion spectr&’ The pressure dependence of the exper|menta\rf;metrizaﬂon of the numerical results of Cepgﬁgy and
Li NMR spectra has been reported for L@t 232 and 293 79 i . i
K (Ref. 68 with the compressibility predicted 17 Alder,” for the exchange-correlation energy, and the nonlo
><10‘1é cm?/dvn Neutronp diffractignpmeasure?nﬁé?ﬁsbf cal or gradient-corrected approximatiofPerdew-Burke-

. yn. Neut . Ernzerhof® (PBE)] implemented according to the method
the c-axis compreSS|b|I|tyrfc at 300 K (for hydrost_aﬂc PreS” — jescribed by White and Birtt. The PBE form of the GGA is
sures<2._5 GPa and c-axis thermal expansion in the tem- designed to be more robust and accurate than the original
perature mt_erval 300-700 K were also probed for LiCThe [Becké? (B) and Perdew-Warg (PW)] GGA formulations
;"{'(‘)E'Essr':;/"éy f Wﬁsd rtepi_orted aszf;c;bl-%TthO-(l)Zt which we used in our earlier calculations. The interactions

¢ yn for hydrostatic pressure ar. Thefal-  peatween the ionic cores and the electrons are described by

ter results were aIsc;Oreported from neutron and x-ray scaltefp o rroyllier-Marting* pseudopotential, the pseudopotential
ing measuremenfS:’® Several theoretical investigations of in  Kleinman-Bylandé® form, and the associated
thelz letl_ectg);}lf_msrtlructurg for L'&é Sl:ChTh as lpp Vanderbilf® pseudopotential. The earlier pseudopotentials
Cﬁ cu a:jon ¢ fLi ave ee? C%glt? %u ' el' v%enge were specifically used for the calculations of electronic prop-
charge density of Ligwas evaluated based on earlier band ¢ jeg rather than structural parameters, the latter being pre-

struhct_ure calllculatlons t:)){ I-Aolgw?rﬂet ﬁ‘l' u3|dng the EKRd (gricted by ultrasoft pseudopotenfid(USP since it requires
tep nique. It was esta IShe that the con _UCt'On ands ignificantly less computational resources. We also used the
LiCg are essentially derived from unoccupiedbands of

hi h . ¢ USP for high-pressure studies.
graphite and the occupied carbonbands are found to be | orqer to describe the relatively hard potentials of car-
relatively unaffected by intercalation.

bon and lithium atom, cutoff energies of up to 600 eV for
graphite and 900 eV for Ligwere used for the expansion of
the wave functions. The pseudowave functions, the smooth
Several measurements on structural properties and calcpart of the charge density, and the potential are represented
lated lattice parameters of graphite have been repdsee  on a fast-Fourier-transforrtFFT) grids of 18<18x50 and

Il. SCOPE OF THE PAPER
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e

FIG. 1. (@) Schematic drawing
of the crystal structure of hexago-
nal graphite showing thAB layer
stacking sequence and the unit
cell. (b) Structure of Li-
intercalated graphite compound
LiCs (stage 1 with the AyA
stacking sequence,being the fic-
titious Li-ion layer midway the
graphenes.

(@)

32x32x 27 for graphite and Lig, respectively. These mini- @ linear fit of the calculated stress as a function of strain.
mum FFT grids applied to the exchange-correlation potentiaP€0metry optimization at zero pressure was performed with
[V,(G—G')] are sufficient for the cutoff energies. The 24 the variable lattice parameter and full relaxation of the inter-

and 15k points were generated with the Monkhorst-P4ck Nnal coordinates. Calculations were considered to be con-
scheme with parameters ¥®x4) and (5x5x6) for verged when the maximum force on an atom was below 0.01

graphite and LiG, respectively. Eack point in the irreduc- eVA™! and elastic coefficients are converged to 1 GPa with

ible Brillouin zone was represented with an equivalent ofthese settings.
3650 and 3200 plane waves. A set of single-point energy

calculations was carried out for each struct(geaphite and IV. LOCAL DENSITY AND GENERALIZED GRADIENT

LiCg) to obtain structural parameters corresponding to mini- CORRECTION EFFECT TO THE ELECTRON

mum energy. We calculated the ground-state total energy DENSITY AND EQUATION OF STATE

over a wide range of volume#attice parametea=b, for a

constant value of) and lattice constants andc. An interplay between electronic delocalization and contri-

Another set of calculations was carried out to produce thdoution to bonding by van der Waals forces is explored from
EOS of graphite and Ligup to 25 GPa. Geometry optimi- the calculated charge density #BABAstacked graphite
zation was performed using a Broyden-Fletcher-Goldfarb{see Fig. 1a)]. Figure Za) presents the isodensity lines along
Shanno (BFGS based minimization technique at a fixed thec axis: a section is made perpendicular to the graphene
value of applied hydrostatic pressure, which is methodologisheet. This figure clearly shows the different behavior of in-
cally similar to the experimental procedure of measuring theplane and interplanar bonding, as well as tABABA
EOS® The total energies were corrected using the finite-stacking graphite. In order to analyze the interlayer interac-
basis set correction method developed by Francis antion, we subtract the isolated-graphite-layer electronic
Payne® Calculations were considered converged when thalensity [Figs. 2b) and 2c)] from the graphite electronic
residual forces were less than 0.05 eV*Athe displacement density[Fig. 2@@]. The resulfFig. 2(d)] shows the isolated
of atoms during the geometry optimization steps were lessffects specific to the interplanar interactions. This figure
than 0.001 A, and the residual bulk stress was less than 0shows that the electronic charge in the neighborhood o#the
GPa. At every unit cell volume the atomic positions wereatoms is depleted along tleeaxis direction, in contradiction
relaxed under Hellmann-Feynman forces and the unit celith the weak covalent picture on the bonding. These elec-
parameters were also optimized to minimize enthalpy. Thérons are transferred to the neighborhood of gha&toms and
calculated cell volumes were then used to construct the equadso in the interplanar region. This increase in the charge,
tion of state, which was fitted to a Murnaghan equation topositioned between the two layers, extends homogeneously
obtain the bulk modulu8 and its pressure derivativig’. in the entire interplanar region. On contrary, in the3 di-

The last set of calculations was performed to obtain therection, a small lack of electrons appears ngand a little
elastic coefficients of graphite and LjCPractical methods excess neaw. This delocalization of the electrons in the
for determining the elastic coefficients from first principles interplanar region was reported by Charlieral®® and is
usually set either the stress or strain to a finite value, optiused in our study to evaluate the corrections to the exchange-
mize any free parameters of the structure, and calculate thgorrelation term of the Kohn-Sham equations and under-
other property(strain or stress, respectivelyApplying a  standing of structural changes in the graphite intercalated
given homogeneous deformatidtie strain and calculating compound LiG.
the resulting stress requires far less computational effort, A comparison of the lattice parameter predictions by the
since the unit cell is fixed and only the ionic positions requiretwo forms of exchange correlation—the LDA and GGA—is
optimization. Two strain patterns—one with nonzero firstenlightening. Table | and Fig.(8 show that the LDA calcu-
and fourth components and another with a nonzero thirdation underestimates this value in graphite. However, both
component—give stresses related to all five independerBecké? and Perdew-Warfd GGAs fail to predict the value
elastic coefficients for the hexagonal system. Two positivedf ¢, as noted from the variation of the total energy with cell
and two negative amplitudes were used for each strain conparameters in Fig. (8). Similar results were recently ob-
ponent, and then the elastic stiffnesses were determined froserved for graphif¢ and graphite intercalated with ,H
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FIG. 2. (Color Ab initio electron pseudocharge density fa@ graphite in a plane perpendicular to thAeand B graphene sheetgh)
A-type isolated graphite layer along theaxis as in(a), and(c) B-type isolated graphite layer along thexis as in(a). The contour plots
ranges between 0.8FA and 2.2&/A. (d) Contour plot of the transfer of charge due to stacking of the graphene layers obtained by the
process described in this figure: density of grapfaeminus that of reference graphite layersA plane(b) andB plane(c).

molecules’? For LiCq, predictions ofc by LDA and GGA  trends. The LI_DA and GGA overestimate tb@arameter by
calculations are close to experimental val{sse Figs. @)  ~8%. Hence it may be concluded that the GGA form of the
and 3d)]. The intraplanar C-C bond lengths follow similar exchange correlation appears to be inadequate in handling
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TABLE I. Calculated and experimental structural parameters ofwhose contribution is supposed to be short ranged, gives a

graphite and LiG.

LDA GGA-PW  Experimental

Graphite a (A) 2.450 2.44 2.460

c(A) 6.500 6.700

V (A3 34.175  33.893 35.160

C-C(A) 1.415 1.409 1.47%0
LiCg a(R) 4.300 4.300 4.305

c(A) 3.700 3.800 3.706

vV (A% 59.073 59.500

C-C(R) 1.430 1.440 1.4481

8Reference 20.
bReference 71.

the weaker interlayer van der Waals bonds in graphite.
however approximates the interlayer bonding in {_tgetter,

which, though weak, is stronger than in graphite. Indeedys the GGA charge density. Indeed, this explains why the
previous studie4 have shown that lithium ion in LigCcon-
tributes charge to amr-density environment and thereby ¢ylations.

slightly increases interplanar bonding. Hence the GGA,

Total Energy (eV)
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©)
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6.5
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more reasonable prediction of this bond in LiC

The calculated valence electron pseudocharge density of
graphite in thg(010) plane perpendicular to the graphenes is
given in Figs. 4a) and 4b) for the LDA and GGA, respec-
tively. A high concentration of charge is observed between
neighboring carbon atoms, suggesting covalent bonding, in
agreement with previous LDA resuft3.Generally, charge
distributions appear similar for the LDA and GGA on this
scale. A contour plot of the difference between the LDA and
GGA electron densities on a similar plane is given in Fig.
4(c). The magnitude of difference densipl,DA — pGGA, is
very small compared with the total electron densities. The
regions of positive contour indicate that the LDA density is
larger in the graphene ring, hence tending to contract the
ring. The GGA density has a slightly higher contribution in
Ithe bond connecting neighboring carbon atoms of the
braphene ring. The LDA charge density is dominant in the
weak 7-bonding region between layers with no visible trace

GGA fails to predict thec lattice parameter in structural cal-

In order to compare the effects of the LDA and GGA on

-940.10 [ . . . . .
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FIG. 3. Lattice parameter (in angstrom variation as a function of single-point total energy calculations for graphite arngl lliGmooth
curve fit in a GGA plot of total energy vs lattice parametepr graphite and LiG.
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o
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«

ARRARARAR

Angstrom

FIG. 4. (Color) Contour plot of the(a) LDA and (b) GGA valence charge density of graphite plotted if040 plane which is
perpendicular to the graphenes and also features the C-C bond. Contour labels are in units of el2anohsaky from—0.02/A% to
~2elA3. (c) The contour plot of the difference between the LDA and GGA valence electron densities of graphite, plotted in the same plane.
Positive and negative zones of electron density are labeletl bypd —, respectively.

interlayer bonding, we have subtracted the isolated-graphiteahe two atoms. There is no delocalization of electrons be-
layer electronic density from the graphite electronic densitytween theA and B layers, resulting in almost no bonding
The LDA calculations[Fig. 5@)] show that the electronic between the layers. This perhaps explains why the GGA fails
charge in the neighborhood of tlaeatoms is depleted along to predict thec lattice parametefsee Table )l

the c-axis direction, in agreement with previous resgfts. Indeed, the charge difference between contributions from
These electrons are transferred to the neighborhood g8 the the LDA and GGAFig. 5(c)] confirms that the pseudocharge
atoms and also between tieand B layers. The latter in- density from the LDA is slightly dominant in the interlayer
crease of charge, which extends homogeneously in the entiand in the neighborhood a@f and 8 atoms, particularly in the
interplanar region, contributes towards the weak van deA layer. Those of the GGA are dominant in the bonds con-
Waals bonding. Consequently, the LDA predicts tHattice  nectinga and 8 atoms in theA layer. Although the electron
parameter of graphite reasonably well, as shown in Table Icharge densities are three orders of magnitude smaller than
For the GGA calculationfFig. 5(b)], almost no gain or loss those of maximum valence densities, they do, however, pro-
of electrons is shown o and 8 atoms in theB layer. A vide a preliminary explanation on the sticking of layers as
depletion of electrons is shown on battand 8 atoms in the  described by the LDA and GGA representations of the
A layer with significant charge residing in the bond betweerexchange-correlation energy.
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FIG. 5. (Color) Contour plot of the transfer charge due to stacking of graphene layers obtained by the following process: density of
graphite minus that of reference graphite layerA: plane and plane. Positive and negative zones of electron density are labeledamyl
—, respectively(a) LDA density difference andb) GGA density difference whiléc) is the difference betweet@) and(b) as explained in
the discussion. Contour labels are in units of electronsiAd varies from—0.03e/A% to ~0.03=/A%,

V. HIGH-PRESSURE STUDIES OF GRAPHITE AND LiC 4

30 ; . . :
Figure 6 shows our calculated pressure-volume equatior i S Eipﬁfaﬂ?ﬂfifl')

of state of graphite and related previous experimental Br "\ . Theory (Pseudopotentia) | |

results>”® The bulk modulusB and its pressure derivative i \ TR e T eudopotenta

B’, obtained from the least-squares fit to the calculated datez 2° f N 1

using Murnaghan equatidrEqg. (1)], are given in Table Il.  © | Noa

Our results compare well with experimental values, in par-§ 15t ‘A., ]

ticular, the results of Gauster and Fttand the theoretical 2 | B &%

LCGTO-FF results® but appreciably different from FLAPW & 10} QA,;A .

calculations’” The bulk modulus derived from the elastic : N

constants obtained from the GGA-PBE-calculated data, com 5[ y

pares impressively well with the experimental result of Zhao : L,

and Spain and Blaksleeet al,'° the latter being derived S S R e

from the elastic constants. Figure 7 shows the relative lattice ~ 0.75 0.80 0.85 0.90 0.95 1.00

parametersi/a, andc/c, of graphite as a function of pres- Relative Volume V/V,

sure. In Fig. Ta), we note that these parameters are nonlinear
above approximately 5 GPa. A similar behavior was noted FIG. 6. A comparison of our workpseudopotentialand experi-
experimentally by Zhao and Spaiwho mentioned the pres- mental(Refs. 5, 7 and Bequation of state of graphite.
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TABLE I1l. Theoretical and experimental values of the bulk

modulusB of graphite. Theory (Jansen et al.) E
Expt. (Lynch et al.) -
B (GPa B thmrall F
Theory (EOS, LDA) 40.8 7.73 e
Theory (elastic constants, GGA-PBE 35.7 e
Theory (FLAPW)? 50.2 E
Theory (LCGTO-FR 38.3 3
Expt. (300 K, elastic constanfs 35.8 Lj 3
Expt. (300 K, elastic constant$ 41.0 3
Expt. (~0 K, elastic,P>15 GPaf 36.0 E
Expt. (20<GPa) 35.8 E
Expt. (300 K, P<14)9 33.8 ~~ ]
“~, \_\\\5__
3Reference 37. 2 ~e 1
breference 58. e 3
‘Reference 10. ]
‘Reference 14. 2'0 = '7'5' 0
®Reference 7. -
fReference 5. Pressure (GPa)
9Reference 8. 1000 Qe
E\\‘ O Theory (Jansen et al.)
ence of a phase transition atll GPa. In addition, Clarke 0.998 ¥ T oo el
and Uhe?® reported that hexagonal graphite transforms to a A% O Expr (Hanfland e al)
new phase of carbon, at roughly 15 GRacreasing pres- 0996 A N Egpi‘ziz‘lgfze;d:lﬂ°‘en‘i“’
sur@, which is likely to be thesp*-bonded hexagonal form 0994 — :

of diamond(wurtzite analog or “lonsdalitef. The nonlinear-
ity in our results above 5 GPa could be ascribed to a similar 595
transformation. 3

The one-dimensional analog of the Murnaghan equdtion S (499
provides an approximation for describing the nonlinear rela-

tion between normalized lattice parameters and predure 0.988

B’ —-1/B’ 0.986

rlro= (— P+1 (1)
Bo
_ _ 0984 F )

Herer is the lattice constant along one of the crystal axes,
k=B 1=—(dInr/dP) is the linear compressibility, andl’ oogp L vt e N
is the pressure derivative & (i.e., dB/dP). Therefore, con- 0 5 10 15 20 25 30
sidering the contraction of the axis, the compressibility of Pressure (GPa)

the c axis is defined as
FIG. 7. A comparison of our workpseudopotentialand calcu-
1/dc lated (Ref. 37 and experimenta(Refs. 5, 7 and Bvalues of the
C_o P/ 2 relative lattice parameteeda, andc/c, of hexagonal graphite as a
Po function of pressure.

K=

where c is the c-axis lattice constant and, is the c-axis
lattice constant at the reference pressbge Note that our
calculations are done at0 K; hence some caution is neces-  Our calculatedi-axis modulusB, compares well with the
sary when we make a comparison with experimental data. x-ray results of Hanflanét al® and Zhao and Spambut the
Table 1l shows the calculated and experimental linearcalculatedB, from elastic constants of graphite by Blakslee
moduli (B, andB,) for graphite, deduced from Fig. 7. Our et al*° is significantly higher(see Table IlJ, in contrast to
calculated moduluB, along thec axis is in good agreement our calculatedB, from elastic constants. The x-ray diffrac-
with experimental results from x-ray measurements usingion datd yielded a much lower value foB, and a pro-
powder sample§®% single crystal$® polycrystalline  nounced nonlinearitylarge B.) for the a-axis compression
graphite’ and also with adiabatic values derived from the (see Fig. 7. It has been suggested that the nonlinear behavior
measured elastic constaft¥. B, derived from the calcu- arises from the onset of buckling or puckering of the graphite
lated elastic constants using E@) is also in good agree- layers at low pressures. The x-ray results of Hanflandl®
ment with experiment° Zhao and Spamobserved a some- and Zhao and Spairand our results are not consistent with
what c-axis parameter softening at about 10 GPa. this pronounced nonlinearity. Hence we also find no indica-
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TABLE IIl. First- and second-order axial compression coefficients of grapBigé. is the linear com-
pressibility at zero pressure aid is the pressure derivative &

B. (GPa B, (GPa B, (GPa B, (GPa
Theory (EOS, LDA) 40.6 1206 10.2 30.6
Theory (elastic constants, GGA-PBE 37.0 874
Expt. (x-ray, P<20 GPa} 37.0 1580
Expt. (300 K, x-ray,P=<14 GPa¥ 35.7 1250 10.8
Expt. (300 K, x-ray,P>15 GPay 35.0 640 14 210
Expt. (x-ray, P<1.6 GPa} 35.7
Expt. (x-ray, P<1.6 GPa§ 36.6
Expt. (elastic constanis 37.3 2000
Expt. (elastic constanj$ 34.0

8Reference 5.
bReference 8.
‘Reference 7.
dReference 95.
®Reference 96.
fReference 10.
9Reference 4.

tion for a significant puckering or buckling of the graphite 11(b) show plots of relative lattice parameters&, andc/c
layers during the initial compression. The compressibilityas a function of pressure. These plots are fitted to a
measurements for graphite along thexis (package thick- Murnaghan* equation of state from which we extract linear
nes$ is reported to bex.=(2.73+0.09)x10 2 cm?/dyn  bulk moduli B.=74.38GPa B.=6.92) and B,
(Ref. 96 for hydrostatic pressure=10 kbar andx.=(2.79  =1190.15 GPaB,=28.74). The latter value, derived from
+0.1)x 10" *? cn/dyn (Ref. 97. This compares very well Fig. 11(b), confirms nonlinearity(large B) for the a-axis
with  our calculated c-axis compressibility x.=2.46  compression observed in graphite. This value is slightly
X107? (GPa') considering that our calculations are car- jower than that of graphite, confirming the larger hexagonal
ried out at~0 K for hydrostatic pressure25 GPa. ~ ring in LiCq, which is 3 times larger in area than that of
At lower volumes, graphite is best described as beingyraphite. B, and B, calculated from the elastic constants

quasi two dimensional, but for very high pressures it is rapysing Egs.(5) and (6) shows an increase B, with almost
idly transforming to a more isotropic material. To compare

meaningfully with experiments at high pressure, it is neces- 238 ——
sary to considec/a values along the hydrostatic curves in —@— Theory (Pscudopotential)

Figs. 8 and 9. The calculateda ratio of graphite derived AN Aot
from the latter calculation is displayed in Fig. 8 and com- 27t \\\ o Expt. (Zhao et al.)

pared with experimental datf at pressures up to about 14

GPa. Our pseudopotential calculation slightly underestimate:

the c/a compressibility though the agreement with experi- 26
ments is reasonable. Thefa values are also plotted as a
function of relative volume in Fig. 9, along with experimen-

tal data of Zhao and SpaFLMTO results of Ahujeet al,*® g 25
and earlier Boettgé? pseudopotential results. Thga val-

ues obtained here form a smooth line that lies slightly below

the experimental data and steadily converges with that dati 4
as the volume is reduced.

We now discuss the hydrostatic pressure response o
LiCg. Figure 1@a) shows a plot of pressure against the rela-
tive volume and(b) a variation of the relative volume as a
function of c/a ratio, whereV, is the volume of the geo-
metrically optimized structure at 0 GPa. The curve is fitted to N
Eq. (1) and yields the total bulk modulus o, 0 ; \ . 5 0 1 4
=66.75 GPa an®8’' =5.32(see Table V. The bulk modulus
is higher than that of graphite, similar to the trendsBgf
derived from the calculated elastic constants, hence suggest- FIG. 8. A comparison of our workpseudopotentijland experi-
ing LiCg to be harder. TheP-V curve is relatively more mental(Refs. 5 and Bvalues ofc/a ratio of hexagonal graphite as
linear as compared to that of graphite. Figuregsalland a function of relative volume.

Pressure (GPa)

205111-9



K. R. KGANYAGO AND P. E. NGOEPE

PHYSICAL REVIEW B8, 205111 (2003

N o o e o N B o o i e 30_ L— —T T LI — — T T ]
O Theory (Ahuja et al.) B —QO— Theory (Pseudopotential) -
A Theory (Boettger) : — —-=—-  EOS Fit (Pseudopotential) :
@  Theory (Pseudopotential) 25 | -
O  Expt. (Zhao et al.) o 4
28+ - .
B C ]
20 20 | .
e C ]
26l Pl 3 0 ]
' e s o 15k -
L. o = - J
3 L. © = ]
° &{5;6 B z [ ]
‘. ¢ 10| .
24 .D--r','/ & C ]
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. Sr ]
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L U — 0.80 0.85 0.90 0.95 1.00 1.05
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Relative Volume V/V Relative Volume V/V,

FIG. 9. A comparison of our workpseudopotenti| calculated 0.86 - ]
(Refs. 49 and 58and experimenta(Ref. 5 valuesc/a ratio of C ]
hexagonal graphite as a function of relative volume. 084 L ]
no change inB, when comparing graphite and LiC We 082 1 ]
have also plotted lm{c,) versus pressurgFig. 11(a), insef - 1
in order to compare our results with experimental work of  0.80 |- .
Zhou and Fischet® where the linear change at low pressures 3 r 1
is well reproduced. - .

In Table IV our calculated linear moduli and compress- TR -
ibility are compared with experimentaf®®®data. Neutron C ]
diffraction measurementéreported thes-axis compressibil- 0.76 .
ity for LiCg at 300 K to be k.= (1.43+0.02)x 10 12 - ]
cm?/dyn [ k.= (1.43+0.02)x 10 2 GPa ] for hydrostatic L 1

: . 0.74 - .
pressure<2.3 GPa. This compares very well with our calcu- C ]
lated c-axis compressibilityc,=1.344x 10”2 (GPa 1) con- - ®) ]
sidering that our calculations are carried out~a K for 0.72 L— . e

0.80 0.85 0.90 0.95 1.00 1.05

hydrostatic pressures25 GPa. There is a notable decrease
by 83% in thec-axis compressibility relative to graphite,
implying that the interlayer coupling in LiJs stronger. Ear-
lier measurements on LiCg, using ’Li NMR spectra and
the point charge model predictede, to be 1.7
X 10712 cnm?/dyn[ k.= (1.7+0.02)x 10 2 GPa 1] for pres-
sures ranging from 1710 # to 0.5 GPa, aT =232 K. This
compares well withk,=1.65<10 2 GPa !, derived from
the elastic constants calculations. Nalimaatzal.”® also re-
ported compressibilites of 3.5610°° and 2.64

Relative Volume V/V

FIG. 10. A plot of the equation of stai@) for LiCg and (b) a

X 10" kbar* for LiCq in the ranges 0-10 and 0-20 kbar, =g 29x 104 (GPa )] and LiC;.

respectively.

The calculated variation of the anisotromya, of LiCg
with hydrostatic pressure is given in Fig. 10. The plot is
linear, signifying uniform compression in LiC In an aniso-
tropic crystal structure such as LgCone would expect the

VI. ELASTIC CONSTANTS

variation of the relative volume as a function ©fa ratio.

atoms are so strong that the in-plane contraction at lower
pressures can be neglecf#Ve note a very small difference
in the compressibility along the@ axis for graphite[ «,

Hexagonal graphite and LjCcrystals have six different

compressibility parallelk,=8.40x 104 (GPa ') and per-

elastic coefficients where the elastic constant tefsy]

pendiculark,=1.344x 10" 2 (GPa 1) to the layer planes to contains only 5 independent constants instead of 21 in the
be very different. The coplanar covalent bonds of carborgeneral case:
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TABLE IV. Theoretical values of the bulk moduli, and a comparison of the calculated and experimental first- and second-order axial
compression coefficients of LiC

Bo B. K K¢ Ka
(GPa B’ (GP3 B, (GPa  (10°2GPal) (1072 GPa'}) (1072 GPa'})
Theory (EOS, LDA) 66.75 5.32  74.38 1190.15 1.50 1.34 0.084
Theory 56.51 60.56 875.97 1.77 1.65
(elastic constants, GGA-PBE
Expt2 1.70
ExptP? 1.43+0.02
Expt® 1.43+0.01

%Reference 68.
bReference 33.
‘Reference 69.

[C;y C, Ci3 0 0 0] C11tCyp—2Cy5
a=1, B=——FT""F". (8)
Cp Chy C3 O 0 O Cas—Cys
Ci3 Ci3 C33 O 0 0
[Cij]l= 0 0 0 C 0 ol (3 Table V gives a complete set of calculated elastic con-
44 stants of graphite and LG and these are compared with
0 0 0 0 Cu O available experimental results. Due to the large anisotropy in
0 0 0 0 0 Ces graphite, most properties are mainly determined @y

+Cq, and to a smaller extent b§,5; C,3 does not play a
with Cge=3(C,;— C4,), associated with the order parameter. significant role?” C,, of graphite, calculated using the LDA
The elastic constant tensor is related to the swemsd strain  and GGA-PBE, agrees very well with ultrasonic
€ by the following equation: measurements and some of the previous theoretical
calculations’®4%%° though neutron scattering results, which
6 tend to have appreciable errors, have a deviation of 28%.
o= Z Cije€ij » (4) C,,, from the LDA calculations, is consistent with the ex-
=1 perimental result of Seldin and Nezbedayhile the GGA
: . . A calculations underestimate the value by 8%;+ C,, com-
wherei andj represent the six unequal combinations of three . . J05 with .
axes(x, y, and2). pares well with experimental res with an error margin

o .
The elastic properties are used to quantify the crystalliné)f 2%. TheCgs value from the GGA calculation agrees well

. . . B with the experimental valdé at ~0 K, and is closer to
bonding strength or stiffness in specific directid®y,; and 1015 L
L ; . , ultrasoni¢®*® and neutroff measurements within a 10% er-
Cgz are the longitudinal moduli, wher€s; is the interlayer

: . o . ror margin. The LDA value o€,4,=1.24+ 0.5 GPa, which is
zﬂggfsn?olgufihgc E'éeCt:ﬁn’r;Vhr']li?etgeﬁ‘g‘iﬁsglgegraégﬁt::ss closer to the ultrasonic measuremet>*° which range
n the directionél arrﬁlel t% trFl)AB lane[see Fi yla)] c from 0.25 to 1.2 GPa. Neutréh?*and Brillouin'“’ scattering
and Co are the pmixed—index mgduli Witle g.bein. t#;e techniques and, on the other hand, yield values of-4.2,

o 13 R S vIs 9 3.84+ 0.4, and 5.0%0.35 GPa for graphite, respectively.
stiffness in linear combination of the direction along the ;

. T The GGA-PBE value of 3.280.5 GPa agree better with the
axis and the directions parallel to thé® plane. neutron scattering resufit,which according to Kell§ is ex-

The formulas for the bulk modulus along th@ndc axes, g ' 9

i e linear moduliB. andB. in terms of the elastic stiffness pected to be more reliable because it is consistent with spe-
éoﬁ,stantc are a ¢ cific heat data. From Table \C; is the only calculated

elastic constant with a negative value and the experimental
4P B value is positivé?® The negative value of, indicates that
—c—=_2 there is a complicated response of the system to uniaxial
¢~ Co ' (5)
dc B stress.
As noted in Table V, the experimental and theoretical
dP o elastic constants of LigCare scarce; consequently, our results
Ba=a0E= m (6) present the first complete set. There is generally a good cor-
respondence between the LDA and GGA-PBE resutgs.
where compares reasonably with previously calculated Value
where it deviates by 7%. Our GGA-PBE-calculat€d,
85=Cy1+2C 0+ 2C 38+ Cg382+ 2C 50 8. (7) value is within 6% of the experimental value of Fischer and
co-workers>>® while it departs from the data of Zabel
For hexagonal systems, et al1% by 26%. The strong interaction in Lichas led to a

ij

B
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FIG. 11. Relative latice parameteaiga, andc/c, of LiCg as a
function of pressure. Inset: calculated and experimdikaf. 33,
pressure dependence of ttrrmalized LiCg lattice parametec.

31% increase ofC;; as compared to graphit€,5 is nega-

PHYSICAL REVIEW B8, 205111 (2003

reflects the strong ionic bond between intercalant and host
layers. There is a notable reductionGq;+ C;, compared to
graphite, which can be ascribed to the expansion in the C-C
bond length in LiG.

C1,#Cgqs and |Cy4#Cyy, which clearly shows that
graphite and LiG do not obey the Cauchy relations. The
planar Young’s moduli of graphite and LiGre 974.93 and
877.35 GPa, respectively, while in tleeaxis direction they
are 11.38 and 52.11 GPa. These results confirms that the
compressibility of graphite is highly anisotropic. Keftyre-
ported the experimental value of 1020 and 37 GPa for graph-
ite in the plane and along theaxis, respectively.

VII. DENSITY OF STATES

Figure 1Za) shows the calculated valence band of the
total DOS of graphite, determined using the linear interpola-
tion schemé? with the Gaussian broadening width of 0.5
eV. The experimental results, given in Fig.(&kg were ob-
tained by x-ray photoemission spectroscopy, with energetic
photons of 122 e\(the experimental broadening is estimated
at 0.4 eV.!® The two-dimensional character of graphite is
confirmed by the form of the DOS, which increases suddenly
from zero to a near constant value, abev23 eV, instead of
increasing as the square root of the energy, which is the
behavior of the density of states for free electrons in three
dimensions. A deep pseudogap occurs at the Fermi level. In
general, it can be concluded that our calculations reproduce
the experimental DOS well. Figure (3 depicts a compari-
son of the total DOS for graphite and LgCThey generally
have similar peaks except for the shifting of related peaks to
lower energies in both the valence and conduction bands
observed in LiG.

Figure 13b) shows the total and partial electron density
of states for the Li ion in LiG, with the Gaussian broaden-
ing width of 0.05 eV. The valence band of graphite andd.iC
consists of thes and p orbitals of « carbons, with thes
component dominating at lower energies24 to —12 eV)
and thep component being more pronounced at higher ener-
gies closer to the Fermi level. The contribution of the Li
ion to the total DOS is from theorbital only, which appears
at very low energies in the conduction band, indicating in-
significant bonding with the carbon atoms. The contributions
of the s and p orbitals of thea carbon atoms are, on the
whole, similar to those of carbon in graphite, except that
their associated features are shifted to lower energies. Graph-

tive, as in graphite, and hence this sign can be ascribed fige is semimetallic with a very low density of stateszt. In
similar reasons advanced for graphite. We further note thatiCg the presence of the Li ion rais&: (by contributing

lithium intercalation has almost reduc€; of graphite by
half. Our calculatedC,,= 16.98 GPa compares well with ex-
perimental results of Kamitakahdfa who reportedC,,
=(17.3+1.0)x 10 dyn/cn? and depicts a significant de-
parture from the data of Zabeit al'®* who reportedC,,
=(10.0+ 1.0)x 10'° dyn/cn?. In addition our calculate@ ,,
agrees reasonably with the data by Laetal,*® whereC,,
=15.0 GPa. The shear modulQs, of LiCg is significantly

one conduction electronthereby giving rise to a large DOS
at E; [see Fig. 18)].

The experimental results for the PDOS of graphite and the
total DOS and PDOS for Ligare not available. However, in
view of an excellent agreement between our calculated and
the experimental DOS of graphitesee Figs. 1@&) and
12(b)], it can be surmised that the predicted total DOS and
PDOS for LiG [see Figs. 1& and 13b)] are accurate

larger than that of graphite. Shear resistance in the layersnough.
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TABLE V. Elastic constants for graphite and LjGn GPa.

Graphite Cu Ci Cis Cas Cus Ces C1+Cy
Theory (this work, GGA-PBE 1036.3:2.4 170.3x1.4 —12.4+0.2 39.8£0.6 3.3t0.5 432.9 1206.6
Theory (this work, LDA) 1037.7%+2.4 180.8-1.6 —12.4+0.3 22. 7%+ 0.6 1.2+0.5 428.4 12185
Expt. (300 K)? 1060.0 40.0 36.0 1240.0
Expt. (0 K)b 15.0 41.0 1330.0
Expt® 1060.0 180.0 15.0 36.5 4.5 440.0 1240.0
Exptd 1440.0 37.1 4.6 460.0

Expt® 3.84+0.4

Expt! 5.05

Exptd 3.84

Expt" 950.0 420.0

Theor)} 1130.0 37.4 4.4 388.0

Theor)} 1060.0 15.0 36.9 4.2 450.0

Theor)y 1450.0 —-0.6 36.5 0.6 440.0

Theory 1250.0
Theory (FLAPW)™ —12.0+0.13 56.0:0.09 1430.621.7
LiCs

Theory (this work, LDA) 897.5+2.6 131.70.2 —-7.9+0.5 52.2t1.0 17.0:0.2 382.93 102921.4
Theory (this work, GGA-PBE 900.5+1.8 119.8-0.5 —6.2+0.4 65.2-1.3 17.9-0.2 390.3 1020.31.1
Theory 747.0 47.1 15.0 391.0

Expt" 88.6 10.0

Expt? 69.7

Expt9 17.3

ExptP 69.3

8Reference 10.
bReference 14.
‘Reference 15.
dReference 20.
®Reference 21.
fReference 100.
9Reference 102.
hReference 103.
iReference 40.
IReference 39.
KReference 99.
'Reference 63.
"Reference 37.
"Reference 101.
%Reference 33.
PReference 69.

VIIl. CONCLUSION High-pressure calculations were carried out on graphite and
LiCg and bulk moduli decided from equations of state agreed

In conclusion, the lattice parameters of graphite and;LiC . . .
P grap & well with experimental results. Our results also confirms that

have been calculated within the LDA and GGA approxima—GIC, h ibility al P
tions. Thea and c lattice parameters for both compounds s have a greater compressibility along IS as com-

were well reproduced, except for tievalue of graphite by pared with graphite: hence, the hydrostatic pressure also acts

the GGA, since this approximation does not represent th@n LiCe uniaxially _ _ .

weak interactions between the carbon layers of graphite well. Anisotropic features in graphite and LgQvere also ex-

The electronic charge differences of the two compound®lained from these studies. A discrepancy-e20% in the
were calculated within the LDA and GGA, and explained the€xperimental value of the axial compression coefficient was
failure of the GGA to reproduce theparameter in graphite. found from Refs. 33 and 68. Our results are in agreement
GGA theory does give a reliable description of Li@nd  with the experimental value reported by McCltrevithin
therefore may be relied upon in studies of Li-intercalated6%, hence resolving the discrepancy found in the literature.
graphite. LDA calculations are generally known to produceThe predicted elastic constants have provided a complete set
shorter bond lengths and consequently higher bulk moduliof elastic constant for graphite and L§CFurthermore, good
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. , . FIG. 13. (a) A comparison of the calculated total density of
_FIG‘ 12. Comp_anson of graphit@) theoretlcal DO_S and theo-_ states for graphite and LiC (b) Total and partial electron density

retical smoothed interpolated DOS, with the Gaussian broadenlngf states for the Li ion ane carbons in the graphitic layer in LiC

width of 0.5 eV.(b) Experimental x-ray photoemission spediref.

19 The Fermi levelEg is set at zero.

_ _ _ sity of states, in LiG. Hence it will be valuable if such work
agreement with most available experimental data and othajan be carried out and be compared with our calculations.
theoretical results has been demonstrated. The shear con-

stants are larger in Ligthan in pure graphite, although it has
been reportetd that they are smaller in other stage-1 com-
pounds. Total DOS of graphite and Ly@ere calculated and We would like to acknowledge the National Research
provided useful insights into the bonding of atoms in thesé~oundationNNRF) and Royal SocietyUK) for financial sup-
compounds, particularly the delocalization of the Li ion in port of the execution of this work. We are also grateful to the
LiCg. There is a notable lack of experimental high-pressuréMaterials Modelling Center for the availability of computa-
structural parameters and electronic properties, such as detienal facilities at the University of the North.
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