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Low-energy electron diffraction study of potassium adsorbed on single-crystal graphite
and highly oriented pyrolytic graphite
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Potassium adsorption on graphite has been a model system for the understanding of the interaction of alkali
metals with surfaces. The geometries of {f2e<2) structure of potassium on both single-crystal graphite
(SCG and highly oriented pyrolytic graphii@iOPG were investigated for various preparation conditions for
graphite temperatures between 55 and 140 K. In all cases, the geometry was found to consist of K atoms in the
hollow sites on top of the surface. The K-graphite average perpendicular spacing is 2.79+0.03 A, correspond-
ing to an average C-K distance of 3.13+0.03 A, and the spacing between graphite planes is consistent with the
bulk spacing of 3.35 A. No evidence was observed for a sublayer of potassium. The results of dynamical
LEED studies for the clean SCG and HOPG surfaces indicate that the surface structures of both are consistent
with the truncated bulk structure of graphite.

DOI: 10.1103/PhysRevB.70.245407 PACS nuni®er68.35—-p, 68.43-h, 61.14.Hg

I. INTRODUCTION Following this body of work, the interpretation of the

Potassium adsorption on graphite continues to be studielf X 2) structure formed by dosing K at temperatures lower
as a model system because of the wide range of electronf@n about 100 K was widely assumed to be an overlayer
states of K in this systertr® and of the intercalation procéss Structure. However, a recent photoemission study of K on
which is clearly present at temperatures above about 160 KIOPG suggested that there may be an underlyig2)
Potassium dosed onto graphite at sufficiently low temperal@yer of potassium beneath the top carbon layer which is
tures has been known to form(2x 2) superlattice structure More stable than a potassium overlayer, and that it may form
since at least 1988, That study and earlier studidsl4 before the overlayéﬁ_ The evidence for this is the observa-
showed that when either single crystal grapi@®cG or  tion of two photoemission peaks. At 90 K, the peak at the
highly oriented pyrolytic graphit¢HOPG) is exposed to a higher binding energy appears first and is attributed to an
potassium flux, intercalation of the potassium occurs forntercalated2x2) layer of K because it remains stable upon
sample temperatures higher than 200 K, or when using a hdgrther adsorption. The second peak appears later during the
K source. Later, more detailed studies on HOPG at 90 kdeposition and is attributed to(2 2) K overlayer. At lower
indicated little or no intercalation, and the evolution of thetemperatures, the size of the secofuVerlayej peak is
overlayer included a phase of widely dispersed K atoms asomewhat larger relative to the first peak, which is inter-
low coverages followed by a condensation intq2ax2)  preted as being due to an inhibition of intercalation at low
structurel®16 A similar result was obtained for a He-atom temperature. Furthermore, when the temperature is raised to
scattering study of K dosed on SCGGThe He-atom scatter- 200 K, the peak attributed to an intercalate remains stable,
ing study provided a clear indication that potassium forms arvhereas the peak attributed to the overlayer disappears for
overlayer at 90 K from the intensity oscillations of the specu-temperatures above about 100 K.
lar He reflection. Other He-atom scattering studies measured Because there has been so much study of the phases of K
the phonon dispersion curves of the K overlayer and thesen graphite, and because the interpretation of such experi-
agreed well with model calculations that assumed a K overments depends on knowing if the K is adsorbed on or inter-
layer but no intercalat®1? Later studies to investigate the calated in the graphite, or both, we thought it very important
extent of intercalation under the typical low-pressure, low-t0 carry out a structural study of tH@x2) phase. In prin-
temperature conditions used in surface science experimengple, it should not be difficult to distinguish the two types of
indicated that the stability of the K structure is dependenstructures since the intercalation of K will cause a significant
upon coverage. At the lowest coverages, intercalation ca@xpansion of the carbon layers. Structures interpreted as K
occur at temperatures as low as 50 K, whereas multilayeritercalated under the first carbon layer of SCG have been
are stable even at 150 ®.That is, the highly mobile dis- studied before using low-energy electron diffraction
persed phase can intercalate even at low temperatures, HUWEED),™ but (2 2) order was not observed in those stud-
once the solid layer is formed, intercalation is inhibited. Theies. In this study, we carried out dynamical LEED studies of
range of temperatures reported in various papers for the prethe (2X 2) structures of K on both SCG and HOPG. The
ence of appreciable intercalation likely can be attributed td_EED studies on SCG provide higher-quality data, but since
differences in the defect density of the graphite and also théhe intercalation process may depend on the type of graphite
length of time required for the experiment. used, we also carried out experiments using HOPG. The ex-
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TABLE |. Experimental and best-fit structural parameters for
clean graphite. The energy range corresponds to the length of the
experimental datasetg (averaggis the interlayer spacing between
the centers of mass of the layeérandj and “rumple” corresponds
to height difference between the two inequivalent atoms in the
layer. V, is the imaginary part of the inner potentid},ay is the
maximum angular momentum quantum number used for the calcu-
lation of the potential, an® is the fitted Debye temperature.
Rp is the Pendry factor. The bulk interlayer spacing for graphite is

3.35 A
(a) (b)
FIG. 1. LEED patterns for cleaf@ SCG and(b) HOPG at an  Parameter SC@®00]) (Ref. 24 ~ HOPG000D
incident beam energy of 266 eV. Energy range 1015 eV 900 eV
Sample temperature 131 K 73 K
periments were carried out under various temperature ang, (averagg 3.37£0.04 A 3.35£0.05 A
dosing conditions in order to attempt to form both K over- z,; (average 3.40+0.06 A 3.36+0.10 A
layers and underlayers. 234 (average 3.32+0.08 A 3.31+0.13 A
Rumple(layer 1) 0.03+0.05 A 0.04+0.04 A
II. EXPERIMENT Rumple(layer 2 0.02+0.04 A 0.000.07 A
These experiments were performed with two differentRumple(layer 3 0.03£0.08 A 0.00£0.13 A
types of graphite substrates, single crystal graphite flakesg; -4 eV -5eV
(SCO and HOPG(ZYA grade. In both cases, the samples | __ 10 8
were cleaved with Scotch tape just before inserting into they 800 K 420 K

ultrahigh vacuum chambeibase pressure 310! mbar),
and they were heated for about a minute at 800-900 °C ta”
remove residual impurities. The sample was attached to a

liquid He cryostat by means of a copper braid, which al'and error bars were calculated using the Pendry RR

lowed cooling to about 50 K in these experiments. The PO%unction2® The structural parameters that were optimized

tassium was dosed onto the sample using a SAES GEtte\Were the interlayer spacing of the first three layers of graph-

source that was mounted in a shuttered, collimated holde[te’ the interlayer rumpling between the two different types

Th?_ﬁhttéeégnoweq reproducible dc;sing.d ._of C atoms in the graphite unit ceffirst three layers and
€ experiments were performed on a commerciay, . K-graphite site and distance. For the SCG studies, the

VG 3-grid optics, and the LEED patterns were acquired UStelative amount of the two graphite terminations was an ad-

ing a CCD camera interfaced to a PC. LEED patterns fro ustable ;
. parametéf, and for HOPG it was assumed to be a
;t_hEeEcéean SCGf and HH(())PP((‘,B surfa_lces a]:re_ ShOW” in dF'g]; L. TT%O:SO distribution of terminations. The nonstructural param-
pattern from consists of rings instead of SpOtS,q ¢ that were optimized were the layer-dependent Debye

becaus.e HOPQ comprises a large numbgr of m'cron's!zf%mperature of the graphite and of the K, and the real and
crystallites having random in-plane orientations, and the d'f"lmaginary parts of the inner potential

fraction pattern is an incoherent superposition of many
single-crystal diffraction patterns. For single-crystal patterns,
the intensities of the beams were extracted by integrating the Ill. RESULTS
intensity over a circle around each diffraction spot. Back-
ground intensity equal to the average intensity of the perim-
eter of the integration circle was then subtracted from the Although the surface structure of HOPG was not expected
integrated intensity. The extracted intensities of equivalento be different from SCG, the LEED analysis was carried out
beams were then averaged. For the HOPG patterns, the aas a comparison of the measurement technique, since the
erage ring intensities were extracted by using a set of 30-5procedures for extracting the intensities are different for the
integration windows arranged on the circumference of thawo substrates. The dynamical LEED analysis for SCG has
rings. Because of the proximity of the rings to each otherpeen presented befdfeand it was found that the SCG sur-
background measurements were not generally feasible, arfdce is essentially an unrelaxed truncation of the bulk struc-
instead, a smoothly varying background was subtracted frorture. Table | presents the results of that study along with the
the resulting intensity curves. results of the HOPG study presented here. Figure 2 shows
The LEEDI(E) calculations used the Barbieri/Van Hove the LEED spectra from the clean HOPG. These spectra differ
Tensor LEED package. Phase shifts up to desired value ofisually from those from SC@Ref. 24 in that the peaks are
| max Were used to describe the scattering properties of carboroader and lack some of the fine structure. This is most
and potassium. The phase shifts were calculated using tHikely due to the averaging over crystallites having different
Barbieri-Van Hov& phase shift package. Theory- (0001 orientations. The width of the distribution ¢8001)
experiment agreement was tested using the Pendiagtor  orientations is about 0.4° for this grade of HOPG. Although

0.25 0.28

A. Clean HOPG
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—— Experiment HOPG?! Structures having2x2) symmetry were formed

—— Theory following procedures that varied according to the dosing
time, dosing temperature and post-dose annealing tempera-

(1,0) R=023 ture. Dosing temperatures were varied between 55 and 140 K

and post-dose anneals were done at temperatures up to 140

K. After preparation of the film, the LEED patterns were
(1, 1) R=037 recorded and the intensity curves extracted. In light of the
results reported in the earlier photoemission study, a particu-

lar emphasis was placed on conditions that were reported
M favorable for the formation of a K underlayer, in particular
(0.2) R;=022 those formed at higher temperatures and at relatively low
coverage. There were no qualitative differences between the
intensity spectra generated by the different preparation meth-
Energy (eV] ods. The spectra from the SCG structure include more fine
FIG. 2. Experimental and calculated spectra for cleanStructure, as for the clean surface, but the locations of the
HOPQG000) at 73 K. The indices correspond to diffraction spots diffraction peaks Were the same .for ai ><-2) structures
that are equivalent to the three rinfghown in Fig. 1b)], which  formed. The sections below provide details of the LEED

correspond to rings 3, 6, and 8 in Fig. 6. analyses.

Intensity [arb. units]

100 150 200 250 300 350 400 450 500

o ) ) C. (2X?2) structure analyses
the spectra from S_CG and HOPQ differ in the detail of their The LEED spectra for thé2 x 2) structure formed by K
features, the locations of the major peaks are the same, an% SCG at 65 K are shown in Fia. 3. The analvsis of the data
as seen from Table |, the results of the LEED analysis ar 0 9. 2. ysIS 0

similar for the two types of graphite. For both, the interIayer\évi?fzr:ﬁrtggegyagzlsgIemgg Jgi-frﬂiig?egor :Zeh:?eats%rﬂ‘zcz
relaxation and intralayer rumpling are bulklike, within the grap ’

‘o . A Four different high-symmetry adsorption sites were ex-
precision of this determination. Therefore, apart from crys lored: top A, top B, hollow and bridge, as labeled in Fig. 4.

tallite size and orientation, the clean HOPG surface is esserg—he WO top sites differ by the fact that ton A has no carbon
tially the same as the single crystal surface. The effect of th . P y P
atom in the second layer beneath the K atom, whereas top B

polycrystaliinity of the HOPG in terms of the LEED EXpe”'rgoes have a carbon atom in that location. On each site, the

ment is to reduce the precision of the structural paramete . . .

but the level of correspondence between the two types OQOtasswmo atom was ”_‘Wed vertically in the r_arrg@)

graphite is good. +r(K)+30%, wherer(C) is the van der_WaaIs radius of_the
carbon(1.70 A) andr(K) is the bulk radius of the potassium

(2.27 A). Ther factors after this preliminary search were

0.68, 0.66, 0.52, and 0.63 for top A, top B, hollow, and

The experimental procedures for forming tii2<2)  bridge, respectively, favoring the hollow site.
structure of potassium on both SCG and HOPG were adapted Structures with K under the top graphite layer were also
from those used in the earlier photoemission study of K orinvestigated. Structures, including relaxations, with an un-

B. Adsorption of potassium on SCG and HOPG

— Experiment
i 5 N\ ! § Q (1/2-1/2) R,=0.25 — Theory
A A{\\ §Q ~ (1/21/2) R.=0.24
o Q /\d\ (1-1) R.=0.31
N B iin, S
2 f\ A / \ A . (3/2-1/2) R,=0.23
3 FIG. 3. Experimental and calculated spectra
E MM(S/Q -3/2) R.=0.22 for SCG000D-(2 X 2)-K at_ 65 K. Insgt: LEED
%‘ k5 Tl pattern at 135 eV. The bright spots in the outer
& /\/\MM : ring are integer-order beams and the others are
IS (2% 2) superlattice beams.
m(wz 3/2) R,=0.39
(2-2) R,=0.30
2-3) Rp=o.35A./L___
0 100 200 300 400 500 600

Energy [eV]
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TABLE Il. Experimental and best-fit structural parameters for
the potassiun(2 X 2) structure on two types of graphite. The energy
range corresponds to the length of the experimental datage{ssr
the K-C bond lengthz; (averaggis the interlayer spacing between
the centers of mass of the layerandj, and “rumple” corresponds
to height difference between the two nonequivalent atoms in the
layer.V; is the imaginary part of the inner potential and was taken to
vary asEY3, normalized to—4 eV at 120 eV and 90 eV for SCE
and HOPG, respectivelynay is the maximum angular momentum

FIG. 4. Diagram of adsorption sites for the basal plane of graphquantum number used for the calculation of the poteralis the
ite. H, T, and B denote hollow, top, and bridge sites, respectively. Pendryr factor. The bulk interlayer spacing for graphite is 3.35 A.
T1 and T2 differ in that T1 has a carbon atom beneath it in the
second graphene layer, wherégsdoes not.

Parameter SC®00) HOPG0001)
derlayer of K atoms in the hollow positions having stackingEnergy range 2800 eV 1900 ev
sequences-K-ABABandA-K-BABAproduced the factors ~ Sample temperature 65K 62K
0.80 and 0.82, respectively. Structures with both an under-c (average 3.13+0.03A 3.08+0.07 A
layer and an overlayer of K atongi different hollow sitey  Z.c (average 2.79+0.03 A 2.70+0.06 A
having a stacking sequence A&K-ABABproduced a best  z, 3.3420.04 A 3.34+0.05 A
factor of 0.69. The reduction in factor that occurs when gz, 3.37+0.04 A 3.37+0.12 A
adding the K overlayer to the underlayer structure is indicaz_, 337+0.07 A 3.39+0.14 A
tive of _the presence of €% 2) K overlaye_r, but even with Rumple(layer 1 0.01+0.03 A 0.04+0.05 A
relaxations, the underllayer structures Q|d not producg thﬁumple(layera 0.0040.05 A 0.0240.09 A
level of agreement of just the overlayer in the hollow sites.

Upon refinement of the structural and nonstructural paramXumple(layer 3 0.01£0.07 A 0.02£0.14 A
eters, the hollow-site overlayer producedrafactor of 0.27, Vi B S

which is only slightly higher than that obtained for the clean!max 12 12

SCG. The best-fit parameters are given in Table IlI. Rp 0.27 0.40

The LEED spectra for th€2 X 2) structure formed by K
on HOPG at 62 K are shown in Fig. 5. A visual comparison
of these spectra with those in Fig. 3 shows the same broadvider spacing allows an unambiguous extraction of the in-
ening of the features that occurs in the case of the cleatensities. For the(2Xx 2) structure, however, some of the
surface. The extraction of intensities in this case was a morgangs are so close that their intensities can overlap. Therefore
difficult than for clean HOPG due to the closer proximity of not all rings could be measured, and in some cases, notably
the rings. This can be seen easily in the diffraction patterror rings 6 and 8, it is possible that some contribution of the
diagram shown in Fig. 6, which shows the first eight diffrac-adjacent rings is present. Nevertheless, for the measured
tion rings observed for thé2x 2) superlattice. On clean rings, there is a good correspondence between the intensities
HOPG, only those labeled 3, 6, and 8 are present, and theineasured on HOPG with those measured on SCG. The best-

T T T T T
PR = fEp

J\M\ fing 2 R, =0.27
=z ring 3 R, =0.43
S FIG. 5. Experimental and calculated spectra
g / h /\ : i:ring 4 R,=0.34 for HOPGQ000D)-(2 X 2)-K at 62 K. The ring la-
= bels correspond to Fig. 6. Inset: LEED pattern at
% fing 6 R, = 0.32 17_9 ey. The visible rings correspond to 1, 2, and
= 3in Fig. 6.

ring 8 R, =0.58
fing 12 R, = 0.39 fJ&v
0 100 200 300 400 500 600

Energy [eV]
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Energy [eV]

FIG. 6. Schematic diagram of the diffraction patterns from
graphite(0001)-(2 %X 2) for a SCG and HOPG. Th@ X 2) superlat-
tice beams for SCG will occur at all of the intersections on the
triangular grid. The intensity rings observed for HOPG are effec-
tively those points dispersed azimuthally. The ring numbers corre-
spond to those used in Fig. 5. relative intensities change, the locations of the peaks do not

shift in energy when K is adsorbed indicating that the graph-

fit parameters are given in Table Il. While the 62 K data ardt® s'tructu.re does not phange, and therefore there is no ap-
presented here, a comparison of the LEED spectra obtaindy€ciable intercalation in the top layer.
under different adsorption conditiongarying K dose and This result does little to explain the origin of the two
temperaturgshows that under all conditions studied, the dif- Peaks observed in the earlier photoemission sttdyt it
fraction curves are qualitatively identical, i.e., the peaks ocd0€s indicate that neither of them is due to an intercalated
cur at the same energies. (2 2) structure of potassiurt?. Since one of them is stable
to relatively high temperatures, it suggests that this might be
due to K adsorbed at some defect sites such as crystallite
IV. DISCUSSION edges and steps, which are numerous in HOPG. The second
B_eak, however, does appear to be consistent with a potassium
8verlayer structure since its thermal stability is similar to that
bserved in other studies, and potassium does not appear to

FIG. 7. Intensity of the lowest-integer-order beam for graphite,
corresponding to ring 3 in Fig. 6, for SCG and HOPG, and for the
(2% 2) structure on both substrates.

The results presented here indicate that the surface stru

indicate that the method used to analyze the intensities fro "
the HOPG produces results consistent with those of SC orm a(2x2) P”de”ayef structure under thesg conditions.
The misorientation of the crystallites in the HOPG results in 10 Summarize, we have shown that potassium dosed onto
somewhat larger uncertainties in the structural parameter§ither SCG or HOPG between 50 and 150 K forms a struc-
The nonstructural parameters such as the fitted Debye terfid"® having(2x 2) symmetry, and that this structure consists

perature and the imaginary part of the inner potential als@f @ potassium overlayer on the graphite surface. The graph-
indicated greater disorder in the HOPG. ite structure is consistent with the bulk structure of graphite,

The structures determined for the potassi@w 2) struc- and the K atoms reside at the centers of the hollows on the

tures on SCG and HOPG are essentially the same: both afi§@phite. The average perpendicular K-graphite distance is

consistent with a structure which K occupies overlayer hol-2-79£0.03 A for the SCG structure, which is consistent with

low sites, but not intercalate sites. The lack of intercalation idh€ 2.70+0.06 A value obtained for the HOPG structure.
clearly evident in the LEED spectra from the integer order
beams, because the intercalate would create a large expan-
sion of the carbon layers, causing a significant shift in the We gratefully acknowledge financial support from the Na-
peaks of the integer order LEED beams. A comparison of théional Science FoundationGrant Nos. DMR-0208520,
first-order graphite spot/ring for the clean surfaces and foDGE-9979579, and DGE-03382%@he UK EPSRC, and the
different K dosing conditions is shown in Fig. 7. While the Finnish National Graduate School in Materials Physics.
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