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The electronic structure of the ternary intercalated graphite 3-KSq2sCs is studied by means of a first-principles
density functional theory approach. The nature of the partially filled bands is analyzed, and the K sublayers of the
intercalate are shown to have an important contribution to the Fermi surface. This K-based contribution confers a
sizable three-dimensional character to the conductivity even if considerably less than that for the related binary
KCs. The electronic structure of 5-KSq25Cs differs noticeably from that of the related ternary compound, KH,C,.
The charge transfer is analyzed, and a way to evaluate it, which can be used in general for intercalated graphites,
is proposed. The charge transfer per C atom in this ternary material is shown to be smaller than that in the KCq
binary compound despite a more favorable stoichiometry ratio between K and C.

Introduction

reported values for these compoufidsiterestingly, this
The literature on graphite intercalation compounésas ~ discovery has reopened the discussion about the origin of

vastly grown since the report by Fredenhagen and Caden-Superconductivity in these materidlSuperconductivity is,

bacH concerning KG, RbGs, and Cs@ back in 1926. These however, just one of the many facets making intercalated

materials are low-dimensional systems that exhibit a wealth 9raphites attractive. _ _ _
of interesting properties, and their study still remains a lively _ One of the most interesting synthetic developments in the

and challenging field. For instance, although not supercon- fiéld has been the preparationtefnary intercalated graphi-

ducting itself, graphite becomes superconducting after partial €S- Numerous compounds of this type are presently krfown.
filling of the s*-type bands as a result of the charge transfer. Among the several reasons why these ternaries are interesting

Very recently, the reports of superconductivity in Ga
11.6 K® have launched a large interest on this particular
aspect of their physics because thisdoubles the highest
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charge transfer, which is known to exert strong control on theory (DFT) study of one of the structurally best character-
the physical behavior. For instance, the study of the ized of these material$-KSo »sCs.1* This will also lead us
graphite-K system has shown the existence of several well- to reconsider the evaluation of the charge transfer in
defined phases, K& KCas, KCzg, KCys, KCeo, etc? Thus, intercalated graphites.

formally assuming a complete electron transfer from K to
the graphene layers, the largest charge transfer attained i
this series is 0.125 electrons per C atom ingKBowever, The first-principles calculations were carried out using a numer-
when the intercalation of K is carried out in the presence of ical atomic orbitals DFT approach,which has been recently

a more electronegative third element such as S, for instance developed and designed for efficient calculations in large systems
compounds such as-KSp16Csl® and B-KSpCslt are and implemented in th&IESTAcodel’ 19 The use of atomic
obtained, in which the formal charge transfers are 0.233 andorbitals instead of plane waves greatly fagilitates a.chemical apaly;is
0.166, respectively. However, it can be objected that the of the results._ We hgve used the ge!werallzed gradient approximation
transfer must not be complete. This is, in fact, an important to DFT and, in particular, the functional of Perdew et‘aNorm-

. - . conserving scalar relativistic pseudopotentfafactorized in the
warning because a rough but realistic evaluation of the ChargeKIeinman—ByIander form were use®. We have used a split-

transfer is one of the important keys in trying to rationalize \51ence double: basis set including polarization orbitals for all

the physical and chemical behavior of intercalated graphites.  atoms. as obtained with an energy shift of 100 M&Vhe 5s and

For this purpose, the PietronerBtréssler formulé® has been  5p electrons of Ba, the 1s electrons of Li, and the 3s and 3p electrons

invaluable because of its simplicity and the apparently of Ca and K were treated as valence electrons. The energy cutoff

realistic results. The charge transfer per C atom values of the real-space integration mesh was 150 Ry. The Brillouin zone

evaluated from this formula are 0.068 @K Sy 15Cs, 0.066 (BZ) was sampled using a grid of> 10 x 5 k points for K«SCo,

for B-KSp2sCs, and 0.056 for K@, clearly showing that, 4 10x 5for KgS,Cas 2 x 10 x 5 for K1654Cag, 10 x 6 x 4 for

although the very qualitative trend is confirmed, to assume KCe 7 x 7x 3for CaG, 7 7x 4 for BaG, and 7> 7 x 8 for

a complete transfer (i.e., a purely ionic description of the LiCe.2* We have checked thgt the results are_well converged with

intercalate and intercalatgraphene interactions) is an respect to .the real-space grid, the BZ sampling, and the range of
. . . . . . atomic orbitals.

oversimplification. Both the direct bonding interactions

between the graphene and intercalate layers and those withirResults and Discussion

the intercalate subnetwork may influence the electronic
structure of these materials and, thus, the charge transfer. A. Crystal Structure . The crystal structure ¢f-KSo24Cs

The variety of possible bonding situations in ternary is built from exactly superimposed graphene planes alternat-

intercalated graphites is illustrated, for instance, by systemsing with triple-layered K-S—K slabs along the direction
such as3-KSo »:Cs1" and o-Lio<CasCe.1® The first contains (see Figure 1al} A projection of the crystal structure along

triple-layered K-S—K sheets, which can be described as thheeX;nt:rr]Zyirrglr:]eecttrlorilslsdzf;?lvv nsér;:'%yhrg ilnt,zérvcvgg rti tizea
related to fragments of the J& structure, between the g y y y )

ranhene plandé The second contains five-laveredACa triple-layered sheet in which the two K outer layers and the
grap P ' . . Y S inner layer form hexagonal lattices. The S atoms reside in
Li—CaLi sheets, which can be described as fragments of the octahedral holes between the K layers (see Figure 1a)
the Caljp structure, a ThMp Laves type phas®. As Y 9 '

I In fact, this triple layer is strongly related to the triple-layered
highlighted by these two systems, the balance between theK_S_K slabsp thatycan be fm?nii perpendicular tF:) they[lll]
covalent and ionic components of the bonding in the

intercalate mav be verv different and thus mav influence in direction in the KS antifluorite structuré? However, the S
. Y y d Y . positions (empty circles) in the intercalate triple layer have
a very different way the intercalat@raphene interaction,

the charge transfer, and the electronic structure. In situationsan occupation factor of 50%. Within the graphene planes,
. 9 T . o the C—C distance is found to be 1.433 A. This is 0.9% larger
like these, where different types of bonding coexist in a

. ) e : than the distance in graphite (1.42 A) and, according to the
material, only first-principles quantum mechanical ap- . N P
o o ._Pietronere-Strassler formuld? implies a charge transfer of
proaches can lead to a realistic description of the electronic

structure. We report here a first-principles density functional 0.066 electrons per C atom.
' P b P y The partial occupation of the S sites forces us to model

fcomputational Details
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Figure 1. Crystal structure of-KSg 26Cs: (a) view perpendicular to the

c direction; (b) view along the direction. The gray, black, and white circles
are C, K, and S sites, respectively. The occupation factor of the S positions
is 50%.

this aspect, let us remark that the occupation of these sites
has been shown to be perfectly statistical. Only in some cases
is observed a doubling of the parameter associated with
an ordering of the occupation of the S sites, while all other
structural details remain unaffect&dThus, appropriate
models can be built on the basis of just one graphene layer
and one intercalate layer. The simplest model is that shown
in Figure 2a with a KSGC, repeat unit (model 1). More
complex models are those shown in parts b and c of Figure :
2 with KgS;Cp4 (model 2) and KeSiCss (Model 3) repeat Figure 2. Different models used in the study of the electronic structure
units, respectively. Whereas in model 1 all K atoms are of /-KSo2:Cs: (a) model 1 (KSGCi» repeat unit); (b) model 2 (6:Cas
bonded to S atoms, in models 2 and 3, therearand /s repoal :’r‘g)c(c,)(m;nddelsséﬁg“ig@iﬁi:&g'@ The gray, black, and white

K atoms nonbonded to S atoms, respectively. We have

carried out calculations for the three models. However, we bands considerably overlap with thetype bands in the
found that, as far as the nature of the band structure nearregion below—4 eV), a relatively narrow peak aroune?

the Fermi level and the charge transfer are concerned, noeV, mostly associated with the-¥X bonding levels of the
major differences are observed in the results (see below).intercalate (note a quite strong-8 mixing, clearly showing
Model 1 is found to be the lowest energy one; models 2 and that the S-K bonds have an important covalent contribution),
3 are found to be higher in energy by 0.073 and 0.327 eV and a mostly K contribution starting just after the-Is

per K;SCp, unit, respectively. Clearly, the system prefers to bonding states up to high energies. The counterpart of the
avoid having too many K atoms nonbonded to S atoms. The S—K peak (i.e., the states containing the antibondirgkS
structural optimization of model 1 leads to very small contributions) appears as a very broad contribution to the
changes, with the energy being only 67 meV per unit cell bunch of K states above the Fermi level. The K contribution
lower. Thus, for simplicity, except when otherwise stated, below the S-K peak is not nil but quite small, showing that
all results reported here will be for model 1 based on the the K—graphene bonding has only a minor covalent contri-

crystal structure. bution. What is very clear is that there is a quite large
B. Electronic Structure, Partially Filled Bands, and the participation of K into the states below the Fermi level, and,
Fermi Surface. The calculated band structure fou3C;» thus, a formally ionic approach to the material would not be

(model 1) in a region 4 eV above and below the Fermi level realistic. An important observation is that the mostly K
is shown in Figure 3a. The associated density of states (DOS)contribution already starts below the Fermi level. In fact, at
for a broader energy range as well as the K, C, and Sthe Fermi level, the contributions of the graphene layers, K,
contributions are shown in Figure 4. Both the band structuresand S are 67.4%, 26%, and 6.6%, respectively. Thus, it is
and DOS provide complementary insight concerning the clear that the intercalate contributes as much as one-third of
nature of the bonding in this phase. Essentially, the resultsthe states that dominate the transport properties of the
of Figure 4 show that the DOS of the system can be seen asmaterial.

the superposition of a graphene contribution, with the Letus now turn to the band structure, which provides more
minimum separating the-type bonding and antibonding detailed insight. The band structure of Figure 3a may be
states below the Fermi level because the graphene layer actsnderstood in a transparent way when it is compared with
as the electron acceptor (note that, as is well-knowngthe those of the graphene and intercalate layers calculated
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eV and an upward shift of approximately 0.5 eV of the three
S—K bonding bands as well as the lower mostly K band.
The other K bands, including a second one, which was also
partially filled in the isolated intercalate layer, experience
\ larger upward shifts and become irrelevant for the physics
\ of the system. As a matter of fact, the mostly K band is the
only one among those crossing the Fermi level, which
exhibits some dispersion along the interlayer direction
(approximately 0.35 eV; seE — Z and X— O in Figure
A 3a) and, thus, which can confer some three-dimensional
character to the conductivity. To see what is the nature of
; \ ~ S“iffgfi"g this band, we have shown in the inset of Figure 4 the
X
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contribution of the different K orbitals to the DOS. It is clear

that this band is mostly based on them, and s orbitals of

( a ) K so that it may be described as a band concentrated in the
two outer K layer planes of the intercalate. Analysis of the
wave vectors shows that the coupling between the different
K layers along thec direction is provided by a small
participation of S orbitals and the system of graphene.

The analysis of the band structure and DOS clearly shows
that both the graphene and K layers provide partially filled
bands and thus contribute to the metallic conductivity of the
material. The calculated Fermi surface is reported in Figure

L K band 5, which, for clarity, shows a view along a direction slightly
tilted with respect to the interlayerdirection. This Fermi
S-K bonding surface contains two components very different in origin.
bands The first component, disregarding the small avoided cross-
ings, may be described as arising from the superposition of
. -4 two triangular prisms. This portion has an almost perfect
X My T rx My r hexagonal-like shape (note that we have only represented
( b ) ( C ) the Fermi surface in the first BZ even if two of the arms of
Figure 3. Calculated band structures for (3K So2:Cs, (b) the graphene the star go out of this zone along taelirection and slightly

layers inB-KSo.25Cs, and (c) the intercalate layers faKSp 26Cs. The band overlap around the X point). This portion, exhibiting an

structures in parts b and c have been calculated using exactly the same, ; ; : ; ; P
geometry as in the ternary system. The dashed line refers to the Fermi IevelaImOSt nil warping along the mterlayer direction, originates

andT = (0, 0, 0),X = (¥, 0, 0),Y = (0, %2, 0), M = (¥, Y5, 0), Z = (0, from the graphene bands. The second contribution, which
0, %), andO = (Y2, Y2, Y/2) in units of the orthorhombic reciprocal cell  superposes with the outer part of the first one, can be
vectors. described as originating from the superposition of a series
separately with exactly the same geometry as that in theOf considerably warped cylinders stacked alarign such
complete structure (see parts b and c of Figure 3, respec-2 Way that they slightly hybridize in the region around X,
tively). Because the repeat unit of the graphene layer herel€ading to a formally open (but almost closed) contribution
contains 12 C atoms, theandzr* bands are folded, leading alonga*. This is the contribution originating from the two
to six subbands each. Eight of these bands, those lying neaK layers and that confers a nonnegligible three-dimensional-
the Fermi level, are shown in Figure 3b. The band structure ity to the conductivity. As mentioned before, the nature of
for the intercalate layers is shown in Figure 3c. The repeat the partially filled bands and Fermi surface does not
The three lower bands are dominated by 8 p character computations once the corresponding foldings are taken into
(approximately two-thirds) mixed with a very sizable con- account. Thus, Figure 5 is really a good representation of
tribution of K orbitals; i.e., they are SK bonding levels.  the Fermisurface g8-KSo»sCs. In fact, this is not surprising
At energies lower than those shown in Figure 3¢, a mainly 9iven the nature of the partially filled K band, which can
S s band is found. Thus, there are two electrons left to fill Only be slightly shifted by the different occupations of the S
the next K-based bands, which are quite dispersive and eversites. This Fermi surface nicely agrees with the conductivity
interpenetrate the-SK bonding ones. studies on this phas@which show that the resistivity aniso-
With these results in mind, it is a very simple task to [ropy stands practically halfway between that of a perfectly
understand the band structure of Figure 3a. This bandWo-dimensional metallic intercalated graphite like ASE°
structure is simply the superposition of the graphene bands@nd that of an almost three-dimensional one like d4C
with the three SK bonding bands and the lower of the : : :
mostly K bands. Because of the electron transfer, there is a®® gg'cardceﬁngcEmriﬂ'ﬂ?g# 206, Zeller, C.; Vogel, F.JL.Chem.
downward shift of the graphene bands of approximately 1 (26) Flanders, P. J.; Shtrikman, Bev. Sci. Instrum198Q 51, 617.
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Figure 4. (a) Calculated DOS fof-KSy.25Cs as well as local contributions of the K and S atoms. The inset shows the contribution of the,sapd p
orbitals of K to the DOS.

Y nents at the corners of the BZ and three-dimensional
components at the cent&The existence of genuine three-
dimensional components in contrast with the warped two-
dimensional one if-KSy 24C; is also in nice agreement with
the respective resistivity anisotropi¥sThus, the present
results seem to be in excellent agreement with the available
conductivity data and thus provide a simple conceptual basis
for future work on this phase. Given the shape of Figure 5,
more detailed characterization of the Fermi surface of
B-KSo.25Cs, especially through magnetoresistance measure-
ments, would be very interesting. We note that quite large
zones of the Fermi surface associated with the graphene
component are very well nested by a ®89ector (or five
Figure 5. Calculated Fermi surface fgt-KSo 25Cs. equivalent ones due to the approximate 6-fold symmetry of
this component) so that electronic instabilities could develop
At this point, it is useful to compare our results with those i, this material at low temperature if pure enough samples
for the related KKC, and KG intercalated graphites, which  ¢an pe prepared. Interesting physics could still be uncovered
have also been the subject of DFT calculations using local j, this material.
basis set8!?8 The first is a ternary system in which triple- C. Charge Transfer. The analysis of the DOS clearly
layered K=H—K slabs are f(_)und between_ the grap_hen_e shows that the K levels have an important participation in
planes. In that case, the Fermi surf_ace.contamsac.:ontrlbunon[he filed bands, and thus an ionic type approach is not
of the graphene Iayer.s and. a contribution of the H Inner Iayer realistic for this material. According to a Mulliken population
of the intercalate, which originates from a weakly dispersive analysis, the average charges for the K, S, and C atoms are
H-based band. This feature contrasts with the present results 10922 ’_0_393 and-0.041 respectively,/. 'Iihe K charge is
b_ecaus_e the ‘”terca""?te qontribution originates from a quite notably,smaller’than that caylculated by adopting exactly the
Q|sper5|ve band originating frqm the ogter layers of the same computational details for typical ionic salts of K (for
intercalate. The present Fermi surface is also remarkablyinstance +0.575 for KF). Bearing in mind the possible
different fr_om that qf the binary Kg:int_ercala_ted graphite. shortcon%ings of the Mulliken analysis, we also evaluated
The Fermi surface in that case contains cylindrical compo- these charges using the Voronoi deformation density (V®D)
(27) Mizuno, S.; Nakao, KPhys. Re. B 199Q 41, 4938.

(28) Mizuno, S.; Hiramoto, H.; Nakao, KSolid State Commuri987, 63, (29) Fonseca Guerra, C.; Handgraaf, J.-W.; Baerends, E. J.; Bickelhaupt,
705. F. M. J. Comput. Chen004 25, 189.
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and Hirshfeld® approaches. The average charges for the K, Table 1. Calculated Charge Transfer per Carbon Atom According to
S. and C atoms are0.164. —0.522. and—0.011 respec- the Present Work and the Pietronetrassler Formul& for Several

N . ' o ' ) ! Graphite Intercalation Compounds

tively, according to the VDD approach ar.158,—0.370, P P

and —0.022, respectively, according to the Hirshfeld ap- __Ccompound this work Pietronerdstrassler formula
proach. The charge for the K atom in KF9.354 according ;_(}3(850 < 8-83% 8-822

to the VDD approach anét0.387 according to the Hirshfeld cac 0.132 0.103

approach. These figures, together with the calculated DOS  Lics 0.093 0.072

(Figure 4), are quite clear in showing an important participa-  BaG 0.138 0.067

tion of the K orbitals in the covalent bonding of the can be considered as a simplified version of the Bader
intercalate. approacht because of the simplicity of the geometry of the

However, the important point here concerns the charge intercalated graphites. The calculated charges according to
of the C atoms, i.e., the transfer to the graphene layers.this approach as well as those calculated from the Pietron-
According to the three schemes, the transfer per C atomero—Strzssler formuld? are reported in Table 1. The reversal
(—0.041 [Mulliken], —0.011 [VDD], and —0.022 [Hir- of the charge transfer for thKS, »5C; and KG systems is
schfeld]) is smaller than that predicted by the Pietrorero thus confirmed by this scheme. The Gasystem is found
Stréssler formuld for 8-KSo24Cs (—0.066) as well as the  to have a clearly larger charge transfer thang & predicted
K—graphite binary K@ (—0.056). Thus, the trend in the by the Pietronere Strzssler formula. However, BaGs found
charge transfer may be reversed with respect to that of theto exhibit a comparable charge transfer, whereas this is not
commonly accepted PietronerStréssler approach. Because the case according to the Pietroneftréassler formula. We
the present results are based on first-principles calculations,have checked that the result for Bai€ stable with respect
which, in principle, should be more precise than those coming to the computational details. The three A@ = Li, Ca,
from the Pietronero Stréssler formula? we decided to look  Ba) compounds have not only different intercalate atoms but
in more detail at this aspect. We carried out calculations for also different stacking and symmefRAll of these features
KCsg as well as the series of binaries A@ = Li, Ca, Ba), are taken into account automatically in the DFT calculations,
which have different structures although the same stoichi- whereas only the (average)-C bond length in graphite
ometry®? The calculated charges per C atom in &C enters explicitly in the PietronereStrassler formula. This
according to the Mulliken, VDD, and Hirschfeld analyses feature, which is really what makes this formula so easy to
are—0.054,—0.035, and—0.043, respectively. When these use (even in the absence of a detailed structure for the

values are compared with those for the ternguilSe »:Cs, intercalate, it can be applied), is also its weak point. Because
it is clear than the charge transfer is larger for the binary the strength of the interaction between the graphene and
whatever approach is used for estimating the charge. intercalate layers is not explicitly considered, the subtle

Of course, any scheme used to infer the charge from thedifferences in the interaction, and thus the relative weight
wave function has some arbitrariness. Our study for the five of the ionic/covalent interactions, which influence the charge
above-mentioned compounds suggests that the trends in théransfer, may not be well taken into account. This may be
calculated charges according to the Mulliken, VDD, and particularly the case when intercalates of quite different size
Hirschfeld schemes follow qualitatively similar behaviors. (and stacking) such as in LiGnd BaG are compared.
However, we have also found that none of the three schemes In our opinion, the charge-transfer values evaluated on the
is free from occasional deviations from the general trend for basis of a quantum-mechanical-based approach not only are
some variation in technical details of the computation more realistic (at least on a comparative basis) but also offer
(extension of the basis set orbitals, types of inner electronsthe advantage of being able to provide simple yet sound
treated explicitly in the calculations, etc.). Although these arguments in order to understand the differences. For
are really exceptions on fairly regular trends, we decided to instance, in the present case, it is clear from the Mulliken,
see if there is a simple yet robust way to estimate such aHirschfeld, or VDD approaches that at least half of the
transfer. We have found that a really robust series of valuespositive charge of K originates from transfer to S within the
of the charge transfers to the graphene layers may be obtaineéhtercalate layer. This simply means that K can use a smaller
by integration of the electron density from the graphene plane part of its electrons for transfer to the graphene layers. In
up to the parallel planes between the intercalate and graphen@ther words, the K atoms must be better potential donors in
corresponding to the minimum in the electron density along the binary compound than in the ternary compound, some-
the interlayer direction. Thus, the electron density is parti- thing that is very clear from the present calculations. The
tioned into the graphene and intercalate layers with a simplecharge ® a K atom in KG (+0.432 [Mulliken], +0.344
and structurally meaningful criteria and in a way that can [Hirschfeld], and+0.280 [VDD]) not only is larger than it
be easily implemented in any DFT code. In fact, this scheme is in 3-KSg2Cs (+0.222 [Mulliken], +0.158 [Hirschfeld],
and+0.164 [VDD]) but also is very similar to the charge in

(31) Bader, R. W.Atoms in Molecules: A Quantum Thepr@xford a typically I.O P 0 [ . ]
University Press: Oxford’ UK’ 1994. +0.387 [HIrSChfeld], and-|_0.354 [VDD]). ThUS, K IS a
(32) Eugarg, Dibggiagbczngr;i,gl;; La(ljgrgngﬁ, Pld; Iil l\éakkr)ini,ll\él%ﬂdlké, considerably better donor in the K®inary. This does not
. carpon A . Gueara, D.; Heold, A. Carpbon 2 . .
337, Emery, N.: Heold, C.. Lagrange, RJ. Solid State Chen2005 mean'that the total transfer per C atom, which is the only
178 2947. meaningful measure of transfer, cannot be larger in a ternary
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compound. The stoichiometry forced by the inner structure originates from the graphene layers again. Thus, in agreement
of the intercalate in the ternaries may be such that the with our charge analysis, K®behaves as a more typical ionic
decrease in the transferring potentiality is more than com- compound tham-KSg 2:Cs.

pensated for by the stoichiometric ratio. However, a second |, conclusion, it is clear that in ternary intercalate graphites
effect may go against the transfer to the graphene layers iny,e honding within the intercalate may exert strong control
some ternaries. The bonding within the intercalate may lead of both the states at the Fermi level and the charge transfer,

to relatively low-lying partially bondipg levels, which thus which can be very different from those in the related binary
keep part of the electrons that otherwise would be tranSfe”ed'compounds. Understanding the delicate interplay between

For instance, the overlap of the in-plane K Qrbltals N the different bonding ingredients in these materials is
B-KSp 25C3, made possible by the structure of the intercalate . : . , e

itself, renders the K atom less of an electron donor becausesomethlng that requires an unbiased f|rst-!or|n0|ples app.roach.
it keeps some electrons in the mainly K partially filled band. The5-KSo»4C5 ternary intercalated graphite may exhibit an

The decrease in the stoichiometric ratio between C and K interesting physical behavior, and further physical charac-

(B-K S 2¢Cs Vs KCs) cannot overcome the effective decrease terization of this material would be worth doing.
in the electron-transfer ability of K because of the combined
effect of the S K bonding and the direct in-plane KK
interactions. Let us note that Mizuno et @lin their study

of the electronic structure of K& nicely showed that the
Fermi surface contains two different components: a two-
dimensional one originating from graphene and a three-
dimensional one, which has some K character but mostly 1C0612395
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