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Formation of a surface graphite monolayer and intercalationlike compound
in the La/graphite system under thermal annealing
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Formation of a graphite monolayer and an intercalationlike compound at the surface of the La/graphite
system annealed at temperatures between 180 °C and 900 °C was studied ypHotdemission, high-
resolution electron energy loss spectroscopy as well as by low energy electron diffraction. After annealing at
temperatures above 600 °C an accumulation of C at the surface takes place in the form of “zig-zag” chains
with atomic arrangement similar to that in cis- and trans-polyacetylene molecules. With increasing tempera-
tures, these chains are transformed, first into chains of closed hexagons and then into a complete graphite
monolayer on the top of the underlying La carbide. At elevated temperatures above 850-900 °C, formation of
a thin surface layer of a La-derived intercalationlike compound occurs.

I. INTRODUCTION from the carbide phase to the GMG)/LaC,(111) occurs. In
order to get insight into this problem, in the present work we

Recently it has been shown by a series of PEinvestigate changes of GPE and HREELS spectra as well
(photoemission'~® AES (Auger electron spectroscop¥®®  as modifications of LEEQlow energy electron diffraction
and HREELS (high resolution electron energy loss patterns of the La/graphite system in a wide range of anneal-
spectroscopy®** experiments that the deposition of rare- ing temperatures.
earth(RE) metals onto000]) surface of graphite with sub-  As a result we derive the following sequence of the La-
sequent annealing at certain temperatufgg, ) in the re-  carbon phases transitions: Step-by-step annealing of the sys-
gion of 300-1100 °C leads to formation of chemical phasesem at temperatures up to 550—600 °C leads to strong inter-
with electronic and crystalline structures similar to those ob-mixing of carbon and lanthanum atoms and, finally, to
served for alkali-graphite intercalation compoundsformation of La-carbide phase terminated by La atoms with
(GIC’s).*?*3 Annealing of the RE/graphite systems based orhexagonal surface structure and stoichiometry close to LaC.
divalent RE metalgYb, Eu) at temperatures of 300—-400°C At annealing temperatures above 600°C accumulation of
is followed by diffusion of RE atoms into the graphite matrix carbon atoms on the surface takes place in a chemical state
and formation of conventional GIC%Contrary to that, an-  different from that both in graphite and carbide phases. We
nealing of the RE/graphite systems involving trivalent REconclude that the segregated carbon forms “zig-zag” chains
metals(La, Dy, Gd up to temperatures of 600—800 °C leadswith an arrangement of atoms similar to that in cis- and
to destruction of the graphite chemical bonds and formationrans-polyacetylene molecules. Upon further increase of an-
of carbide phases on underlying bulk grapfit€.Only an- nealing temperatures concentration of the carbon atoms on
nealing of the above systems at elevated temperat@88s-  the surface increases. Thereby, the “zig-zag” chains are
1100 °Q results in recovering of the graphitelike chemical transformed continuously into chains of closed C hexagons
bonds at the surfaces and formation of surface phases witind, then, into a net of such hexagons. This stage is finished
GIC-like valence-band electronic structdi@® Detailed  at T,,..~800°C by formation of a complete graphite
analysis of the high-temperature annealed La/graphite sysnonolayer on the top of underlying La carbide. At annealing
tem by valence-baricand C Is core-levet PE as well as by temperatures above 850 °C a transition from the MG to a thin
HREELS %! showed that this system has a layered arrangetayer of La-GIC takes place at the surface of the system.
ment, which can be described as a thin layer with GIC-like
structure[or even one monolayer of graphi(MG)] on the Il. EXPERIMENTAL DETAILS
top of (111) surface of La dicarbid@In other words, for the
La/graphite systemas well as for Gd/graphite and Dy/ The experiments were conducted in two different ultra-
graphite structuregyrowth of the surface GIC-like phase un- high vacuum(UHV) chambers with CLAM and ELS 22
dergoes a stage of carbide formation. HREELS spectrometers allowing one to carry out measure-

We are interested now in studying a way of formation of ments of C & core-level PE and vibrational excitations spec-
this GIC-like surface phase or graphite monolayer on the topra, respectively.
of La carbide, in particular, how the transition of the system The HREELS experiments were performed with an ELS
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FIG. 1. C Is spectra of the La/graphite system measured in the ndi@hahd grazingb) emission geometry after annealing at different
temperatures. Energy positions of different compon€8tsC, andC’) are marked by solid lines. Energy position of the € deak for
pristine graphite is shown by a dashed line.

22 HREELS spectrometer consisting of two double cylindri-UHV to 1200 °C for several hours. Temperature of the
cal 127° deflectors. HREELS spectra were taken with a prisamples in the HREELS chamber was controlled by a Ni-
mary electron energyH,) of 20 eV and an energy width of NiCr thermocouple. In the CLAM setup the sample tempera-
the elastically reflected beam of about 8—10 meV. Furtheture was determined by an optical infrared pyrometer cor-
description of experimental details of the HREELS experi-rected for the emission brightness of graphite. As a result of
ments can be found in Ref. 10. The G PE spectra were this correction characteristic temperatures determined in this
measured at the normal emission and grazing emission angleork are lower by approximately 100 °C than those reported
of 70° relative to the normal surface using a standard CLAMin some of our earlier publicatiorts?
analyzer and a x-ray tube as a source of photons tith
=1486.6 eV(Al K, line). Base pressure in the experimental
setups during measurements was better than 5 Ill. EXPERIMENTAL RESULTS
X 10~ ' mbar. Both experiments were conducted under same
conditions of the sample preparation. A correlation between
results of the PE and HREELS studies was established on the Figure 1 displays the Cslphotoemission spectra for the
basis of characteristic line shapes akK®V ) Auger signals La/graphite system after annealing at different temperatures
(as in Ref. 3 and structure of LEED patterns measured inbetween 380 °C and 900 °C measured in the nor@aind
both cases. grazing(b) emission geometry. In the figure the energy po-
Deposition of La onto graphite substrates were performegition of the C X peak for pristine graphite is indicated by a
by evaporation from pieces of La metal welded onto a W-Redashed lines. Almost all Cslspectra shown in Fig. 1 display
wire (HREELS setupor inserted in a Mo crucible that was two-component line shapes. The individual components are
heated by electron bombardme@LAM setup. Thickness marked asC, C’, andS. Changes of their intensities for the
of the deposited La films as monitored using quartz mi-normal emission geometry and characteristic values of bind-
crobalances. In both experiments thickness of the depositédg energiesBE’s) are presented in Fig.(@ and Table |,
La overlayers was in the range of 300 A. respectively. Corresponding variations of the intensity ratio
Substrates for the experiments were natural flakes dpetween C$ and La 4l PE signals defined as amplitude of
graphite with high degree of crystallinity as it was seen fromthe peaks|(c 1s/1 4 44) @re shown in logarithmic scale in Fig.
the measured sharp K1) hexagonal LEED patterns char- 2(b). As it can be seen from the analysis of the €spectra
acteristic for(0001) surface of graphite. They were cleaved (Fig. 1), three distinct regions of annealing temperatures can
using adhesive type in ambient atmosphere and heated le distinguished.

A. C 1s spectra
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FIG. 2. (8 Intensities (¢, l¢/, andlg) of individual component$C, C’, andS) of the C 1s spectra andb) | ¢ 15/ 4 49 intensity ratio
depending on annealing temperature of the La/graphite system.

In the region of annealing temperatuigswer than 550— ture is slightly shifted toward higher BE’s. Intensity of the
600 °Q the spectra in Fig. (B are characterized by two second component() decreases beginning froM,neal
component§C and C’) with the BE's of 282.7-282.9 eV ~400 °C until it becomes completely quenched at tempera-
and 281.2-281.5 eV, respectively. According to Ref. 6 features of 550—600 °C.
ture C’ is related to the LaM,VV) Auger peak. Upon in- After annealing at temperatures of about 600 °C the nor-
crease of annealing temperatures intensity of compo@ent mal emission spectra are mainly characterized by single pro-
first, continuously increasd$ig. 2(a)]. Thereby, this struc- nounced peakC at 282.9-283.0 eV BE. As it can be seen in

TABLE I. Energy positions of various structures in G PE and HREELS spectra as well as types of
LEED patterns for the La/graphite system after annealing at selected temperatures. Asterisk indicates struc-
tures of weak intensities.

Region | Region I
LaC LaC Region Il
Graphite  (La terminategl (with C chains or MG GIC/LaG,
Method RT 280°C 550°C 650°C 775°C 800°C 900°C
PE 281.5 281.2
(eV) 282.7 2829 282.9 283.0 283.0 283.3
284.5 284.3 284.4 284.4 285
HREELS 45 45
(meV) 65 65
110 110-130
195 180 180
205 205 205
LEED (1X1) (y3% y3)R30° “star”-like (1 X4)R30° (v3% y3)R30° rel. to pattern
rel. to pattern rel. to patterns in of graphite

of graphite regions |
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Fig. 2(b), the ratio of C 5 to La 4d peak intensities en-
hances continuously upon increase of annealing tempera-
tures. This shows growth of total concentration of carbon
and intermixing of carbon and lanthanum atoms close to the
surface of the system. The rati@. 15/l 549 Mmeasured at
T annea= 550—600 °C and normalized to the corresponding
photoionization cross sectioffsamounts to approximately 1
that corresponds to a stoichiometry close to LaC. Cartson 1 @ (b) ©
PE peaks with similar line shapes and BE’s as presented for
Tannear= 620 °C in Fig. 1 are typical for carbides dfmetals
[for instance, TaC and HfCRefs. 15-1Y]. Therefore, we
identify component as carbide-derived. This assignment is
in agreement with the conclusion derived in our earlier
works' 3 on the basis of PE and AES experiments.
Annealing of the La/graphite system at temperatures b
tween 500 °C and 750 °@egion Il in Fig. 2b)] reveals sig-
nificantly slower increase of the: (/1,449 iNtensity ratio
than that during the previous stage of the thermal treatmenﬁ
At these annealing temperatures, an additional featusgs (
appears at the high-BE side of the € dpectra. The intensity .
of this component sharply increases with annealing temperaehase[':'g' Aa)]

ture and reaches values comparable with that for carbideﬁe{a‘lliEnEDteprﬁttg:gtsufgsz(ioé\é)_gggige:rén t::;éﬁ?g;igfgn' 4
derived component at T aynes~ 750 °C. Its BE(284.4 eV, g temp P 9. &

that is similar to the BE of the Cslpeak in graphite, does This region is characterized by appearance of compogent

not change within the temperature region Il. As it can be'" the C Is spectra. 'I_'he first image shown in Figaprep-
seen in Fig. 2a) the absolute intensity of carbide-derived resents a LEED obtained after annealing of the system at the

componenC decreases with the growth of intensity of com- temperature of 550 °C. This LEED pattern reveals a weak

ponentS. C 1s spectra taken at the grazing emission anglehexagonal structure corresponding to the significantly re-

[Fig. 1(b)] are characterized by a similar two-com onentduced Brillouin zongBZ), which is rotated by 30° relative
9. y a : P fo the BZ of (0001 graphite surface. Increase of annealing
structure located at the same binding energies as that o emperature up to 650 °[Eig. 4b)] leads already to forma-
served in the corresponding G hormal emission spectra P b o y

[Fig. 1a)]. We underline, however, that for any annealingtion of a “star’-like (1xX4)R30° hexagonal superstructure
temberattjre intensity of High energ;/ compongmelative to [compare to Fig. &&)] with pronounced strips along the high

intensity of componen in the case of the grazing emission symmetry directions. Further annealing of the system up to

geometry is higher than that measured at the normal emistgmperatures of 775-800 {Fig. 4c)] does not change the

) . o . - symmetry of the LEED pattern. It causes, however, a con-
sion. After annealing at 620 °C featufis already moni- . L .
i ! o : AT version of the strips into spots. Annealing at temperatures of
tored in the grazing emission signal, although it is still not

resent in the spectrum taken in the normal emission geo gbout 850-900°C leads to disappearance of the (1
gtry P 9 rrB<4)R30° superstructure and transformation of the pattern

Annealing of the La/graphite system at temperatureénto that characteristic for GIC'¢see Fig. &)]. The ob-

higher than 750—800 °C leads again to a significant increas%erveqI symmeiries of the LEED patterns are also summa-
. ; . rized in Table I.
of thel ¢ 15/1 4 49 ratio measured in the normal emission ge-

ometry[region Ill in Fig. ZAb)]. This increase is clearly at-
tributed to the behavior of high-energy compong&rhat, in C. HREELS spectra

contrast to the previous stages of thermal treatment, provides o corresponding change of HREELS spectra taken in

now a dominant contribution into the PE spectra. Furtheine gpecular direction for the La/graphite system annealed at
suppression of the low-energy carbide-derived component igymneratures of 550—850 °C are shown in Fig. 5. Energies of
monitored in this temperature region. Besides that, energigg,sin features of the HREELS spectra are collected in Table

of both high- and low-energy components shift toward, s it was noted before, these annealing temperatures cor-
higher BE's to about 284.9-285.0 eV and 283.2-283.3 eV,

respectively(Fig. 1 and Table)l

FIG. 3. LEED patternsi,= 70 eV) for(a) pristine graphite(b)
the La/graphite system after annealing at 750-800 °C, @nd
900 °C.

X 3)R30° LEED superstructure relative to that measured for

egraphite[Fig. 3(c)]. Note, that such type of LEED patterns is
typical for light alkali- and RE-derived GIC'&Refs. 12 and
7,8, respectively The LEED from the intermediate carbide-

erived phasdFig. 3(b)] displays “star’-like image with

exagonal (X 4)R30° [or (1X 2,3)] superstructure relative

to the structure observed for the low-temperature carbide

B. LEED experiment

Figure 3 shows general trend of LEED pattern changes
(E,=70eV) when going from graphite to the intermediate
carbide-derived phasel (.. 775—800 °C) and further to
the high-temperature phasél J(,.s=900°C). The LEED (a) (b)
pattern in Fig. 8) reveals hexagonal (1) structure char-
acteristic for(000J) surface of monocrystalline graphite. The  FIG. 4. LEED patternsf,=30eV) for the La/graphite system
high-temperature phase is characterized by @3 ( after annealing ata) 550 °C,(b) 650 °C, and(c) 750-800 °C.
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— T T T Tr T T 550-600 °C leads to a sharp increase of the relative concen-

HREELS La/ hit tration of carbon close to the surface of the La/graphite sys-
E =20eV asgrapnite tem. We conclude that at these temperatures intense inter-
mixing between carbon and lanthanum occurs followed by

x4 | CC): formation of carbidelike phase, in agreement with results of

our earlier PERefs. 3 and pand AES(Refs. 1-3 experi-
850 ments. The energy of main featu in the C 1s spectra
measured in the present wofkig. 1) and the shape of the
) spectra after annealing at 550—600 °C are also similar to that
observed for monocarbides dfmetals!®*’
The HREELS spectra at these annealing temperaftees

800 gion |, Tannea 550 °C) do not display any visible features.
[ Since HREELS is very sensitive to the presence and chemi-
cal state of carbon at the surface of softtisye can conclude
that despite the intense intermixing with lanthanum atoms
there are no carbon atoms on the top of the system. It means
775 that the obtained at this stage of thermal treatment carbide is
terminated by La. As we concluded in the previous section
the stoichiometry of the carbide phase formed at 550—600 °C
is close to LaC. This fact together with the hexagonal LEED
pattern allows us to ascribe the system to La monocarbide
with (111) surface terminated by La. Note that alghll)

Tanneal,

Intensity

| x4

KT"\ ' 700 surfaces of monocarbides dfmetals are usually terminated
R 620 by metal'’ The possibility of existence of La monocarbide
| 550 . . . el
T R as well as its electronic and crystalline structure are dis
50 100 150 200 250 cussed in Ref. 19.

At annealing temperatures of 550-600 °C, the process of

intense intermixing of carbon and lanthanum atoms is com-
leted. The intensity of carbide-derived compon€nh the

1s spectra is almost saturated. Further annealing of the
La/graphite systentregion Il, T ynear> 600 °C) leads to the
appearance and growth of high-BE compon8rbcated at
respond to the appearance and growth of si§ialthe CIs  284.4 eV BE. Carbon 4 spectra measured at the grazing
spectra. Specular HREELS spectra measured at annealiRgnission geometry display higher intensity of this compo-
temperature lower than 550 “@egion ) do not display any nent relative to contribution of compone@tin comparison
visible features. With increasing temperature a number ofg that in the spectra taken at the normal emission. The latter
growing peaks appears, however, in the energy distributiogjiscioses surface origin of structu The growth of this
curves. The spectra in the range of temperatures 620775 “Gomponent with increasing annealing temperature indicates
(region I) are characterized by two pronounced peaks at 43 mulation of carbon atoms at the surface of the system.

meV and 65 meV, one peak at 205 meV and a number ; ; ; )
weak features in the region of 100—130 meV. All these peak:? he BE of featureS is located in the energy region charac

reveal almost no dispersioffor comparison, see also Ref eristic for C 1s emission in graphitelike structurédashed
10). These features appear in the spectra after annealing %Ee in Fig. 1 o, e.g., in hydrocarbon molecules with CC
a

the temperature of 620 °C, reach their maximal intensities emical bonding. .
temperatures of 650—750°C and disappear almost com- The nature of the chemical bonds formed between carbon

pletely from the spectra at the temperature of 800 °C. At thétoms on the surface can be und_erstood from the analysis of
latter temperature the feature at the loss energy of 205 metf€ HREELS spectra. The formation of pronounced features
is transformed into a structure with a dip and two broagafter annealing at temperatures above 60QF@. 5 con-
maxima on its both sides occupying the energy region befirms the accumulation of carbon atoms at the surface. How-
tween 160 and 210 meV. It is interesting to note that the diggVer, the chemical state of the accumulated carbon atoms
is observed only for scattering angles around the speculdfiffers from both graphite- and carbidelike ones. According
direction. At scattering angles of more than 10° weak feato Refs. 20 and 21, CC single, double, and triple bonds in
tures with graphitelike dispersion can be distinguished in thdiydrocarbon moleculeSuch as butadiene, propylene, poly-
spectra. At annealing temperatures above 85Q&gGion II) acetylene, etg.are characterized by groups of clearly sepa-
the line shape of the spectra becomes fully graphitelike withrated vibrational frequencies in the regions around 960,
a characteristic peak at the energy of 185-190 meV “soft-1650, and 2100 cm' (120, 200, and 260 meV, respectively
ened” due to interaction with the substrate and displayingTherefore, the pronounced peak at the energy of 205 meV in
pronounced dispersioft:** the HREELS spectra in Fig. 5T{es=600—775°C) is
caused by the formation of the double£C bonds, whereas
the structures in the region of 100—130 meV can be assigned
As it can be seen from the analysis of the € dpectra  to the single &-C bonds. For these annealing temperatures
(Figs. 1 and 2, Table)] the annealing at temperatures up to neither angle-resolved valence-band @efs. 3 and B nor

Energy (meV)

FIG. 5. HREELS spectra measured in the specular directio
(E,=20eV) for the La/graphite system after annealing at different
temperatures.

IV. DISCUSSION
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1t 1" 1t 1t closed hexagons and finally a complete graphite monolayer
coverage.

Transition graphite-carbon “zig-zag” chains takes place
during high-temperature transformation of carbon from
graphite into cumulene carbyne. A mechanism of this trans-
formation is described in Refs. 23,24. In our case we have a
reverse situation: Formation of the graphite monolayer from
the “zig-zag” chains, which have the structure similar to
that of cumulene carbyne chains, possibly stabilized by in-
teraction with the underlying La carbide. From this point of
view it is interesting to compare the HREELS spectra ob-
served in the present work with infrared spectra of carbynes
reported in literaturé>2® Infrared spectra of cumulene form
of carbyne are characterized by two regions of high
intensity: 1000—1400 and 1500—1700 ¢h{125-175 and
185-210 meV, respectively® According to Refs. 25 and 26
(and references thergin feature in the region of 1600 ¢rh
(~200 meV is fundamental for cumulene carbynes and
might be an indicator of formation of carbynelike structures.

FIG. 6. Arrangement of the carbon atofidack dot$ accumu- It correlates actually with the 205-meV feature in the
lated on the surface of the La/graphite system in the fornfijof HREELS spectrum in Fig. 5. The latter observation evidents
“zig-zag” chains (pos. Ic, 1t, and pos. &', 1c”, 1t’, 1t") and  that carbon “zig-zag” chains assumed in the present work
their possible transformation with annealir)_g temperature into chainggn be considered to be analogous to cumulene carbynelike
of closed hexagongpos. 2, 2), as well as(ii) CC dimers(pos. 3,  chains. This conclusion increases furthermore an interest to
3) and. their transformation into “zig-zag” chair{pos. 3). Large the studied phenomena.
open cm_:les show La atoms i_n the _top_most atomic Ia}yer, whereas Here. we have to note. theoretical evaluatidmstiow that
middle-size and small open circles indicate C atoms in the secon? ' '
and the third atomic layers, respectively. or c_losed garbon-z_itom overlay(_ers(ml) surface_s ofl _met-_

als[in particular N{111)] formation of benzenelike rings is

HREELS (Refs. 10 and 1ilexperiments display dispersion the most energetically favorable possibility as compared to
of the measured features. All experimental facts noted abovany other carbon arrangements. However, the situation can
can be satisfactorily understood assuming that the secoriee different for the initial annealing stage of the La/graphite
stage of thermal treatment results in formation on the surfaceystem, when the amount of carbon atoms on the surface is
of carbon structures characterized by individua=C and  significantly lower than one monolayer. Moreover,(al1)
C—C chemical bonds, which are clearly different to arrange-surfaces the distance between La atoms in La catbile
ment in hexagonal graphite. As a model arrangement wesignificantly larger than that betweahmetal atoms in el-
propose “zig-zag” carbon chains with an arrangement ofemental solids. Then, the formation of=€C dimers or
carbon atoms similar to that observed in cis- and transbridges located between neighboring La atdpmss. 3, 3 in
polyacetylene moleculéd.Possible coordination of the car- Fig. 6) might be more favorable. These positions of carbon
bon chains on the La-terminaté€tll1) surface of La carbide atoms ensure their efficient interaction with La atoms that is
is shown in Fig. §pos. 1 (tran9 and Ic (cis)]. important taking into account a possibility of strong chemi-
The assumption on formation of the chains of carbon at<al bonding between these two elements. Upon growth of the
oms is further supported by the “star’-like character of the surface concentration of carbon the amount of such dimers
observed (kX 4)R30° [or (1x2,3)] LEED images[Figs. increases. They begin to interact with each offpas. 3 in
3(b), 4(b), and 4c)]. The corresponding elemental cells are Fig. 6) forming, first, the carbon “zig-zag” chains and, then,
shown in Fig. 6 by thick solidarrows and dashed lines. the chains of closed hexagons.
Such type of LEED patterns can be interpreted as induced by Other pronounced features observed in the HREELS
the chains formed in three equivalent directions at(tiel) ~ spectra at the energies of 45 and 65 m@&gion Il, Tanneal
hexagonal surface of La carbide with a period four times=600-775°C) can also be assigned within the proposed
larger than that of the La atoms in the topmost layer of carmodel. If the structures at 205 and 130 meV correspond to
bide. The above model of the “zig-zag” chains formation oscillations along the £-C and G—C bonds?®># the fea-
can also explain the experimental fact of unchanged sixfoldures at 45 and 65 meV can be related to chemical bonds
symmetry of the LEED patterns in the range of annealingoetween the surface carbon atoms and the La-carbide sub-
temperatures from 650°C through 800°C, when alreadtrate. At the initial stages of the carbon chains formation
graphitelike structures are observed in {Refs. 3 and pand  these bonds have partial carbidelike character due to strong
HREELS(Refs. 10 and 1)jlspectra. With increasing concen- interaction between the lanthanum and surface carbon atoms
tration of the carbon atoms at the surface upon annealing thend large distances between the carbon chains. Therefore, the
chains occupy positionst1, 1t” and 1c’, 1¢” that does not corresponding vibrational frequencies are found in the en-
change the structure of the LEED pattern. Some of thesergy region characteristic for bulk phonons dfmetal
“zig-zag” chains are transformed into chains of benzene-carbides’®?°With the increase of the surface carbon concen-
like rings (pos. 2, 2 in Fig. 6) forming eventually a net of tration and the intensification of the CC interaction upon
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formation of the graphite monolayer the contribution of these V. CONCLUSIONS

car'?d;ahllke.bonds IS r;aduced.l_ ¢ t b 800 ° As it follows from the performed PE, HREELS, and
| dur er |nchrease Oh annealing _emﬁerg ggs above ¢ EEED studies, thermal annealing of the La/graphite system
eads to a sharp enhancement in the spectra of j the temperature range between 180 °C and 900 °C leads to

surface-derived signa at the cost of carbide-derived emis- 5 series of phase transitions involving formation of bulk car-
sion C (Figs. 1 and 2 The ratio of the intensities of these piges and the surface intercalation compound. Thereby, the
components becomes even higher than that observed for SY®w-temperature treatment §,,es< 550—600 °C) causes in-
tems with a monolayer of graphite on the top(@fLl) sur-  tense intermixing of carbon and lanthanum atoms followed
faces of transition-metal carbid&s:® For these systems the by formation of LaC carbide phase with11) surface termi-
low-energy and high-energy components in theCsfiectra  nated by La. Increase of annealing temperatures (600°C
taken at the normal emission geometry have comparable in<T,,..<800 °C) results in continuous accumulation of car-
tensities. As compared to low@r,,,.,, the energy positions bon atoms in the topmost layer of the system. These carbon
of featuresS andC are shifted now toward higher BE{see  atoms are supposed to form, first, ordered “zig-zag” chains
Fig. 1 and Table )l The above experimental observationswith an atomic arrangement similar to that in cis- and trans-
indicate that the chemical state of the carbon atoms at thpolyacetylene molecules. Upon growth of carbon concentra-
surface as well as carbon atoms in the carbide phase at®n at the surface, the carbon “zig-zag” chains are trans-
changed from that characteristic for the previous stage oformed into chains of closed hexagons. Finally, at annealing
thermal treatment. We assume that at annealing temperaturt&nperatures of about 775-800 °C these hexagon chains are
above 800 °C two processes take place simultaneously in tfgombined into a net of hexagons, and a complete graphite
system. On the one hand, a transition presumably from thE1onolayer is formed on the top ¢111) surface of the La
low-temperature LaC carbide phase to the high-temperatuigdbide. Last stage of the high-temperature annealing
LaC, carbide phase occurs. This type of La carbide is mor Tannea 800-850°C) leads to a carblde-phase trans!tlon,
stable at elevated temperatures according to a La-C phaféesumably from LaC to Lag and to formation of a thin
diagrani® and is just the one assumed in our earlier studied@Yer Of graphite intercalation compound on the top of the
of the high-temperature phase of La/graphite systefren ~ SYStem.
the other hand, as it follows from the increase of the relative
intensity of componeng, the monolayer of graphite at the

surface of the system is developed into a thin layer of surface This work was supported by the Russian National Pro-
intercalationlike compound. The possibility of existence ofgrams “Surface Atomic Structures(Project No. 2.1.99and

an intercalationlike phase with a LgGtoichiometry and “Fullerenes and Atomic Clusters'(Project No. 9805p as
crystalline structure characteristic for conventional GIC'swell as by the bilateral Program between the Russian Foun-
was theoretically analyzed in Ref. 31. It was shown that fordation for Basic Research and the Deutsche Forschungsge-
La-C systems with thicknesses of several monoatomic layemneinschaft(Projects Nos. 96-02-00045G and 98-03-04071
the heats of formation of the La@nd LaG phases become A.M.Sh. is thankful to the Freie Universtt@erlin and the
comparable, that would allow, indeed, the growth of a thinTechnische UniversitaDresden for financial support and
layer of GIC-like structure on the top dfl1l) surface of hospitality. Valuable discussions with A.M. Dobrotvorskii
LaC,. Note only a minimal mismatch between lattice param-and technical assistance by Ch. Roth are gratefully acknowl-
eters of graphite layer and11) surface ofg-modification of edged. The authors thank Graphitwerk KropfihtAG,
LaC,.>3! Munchen for providing the graphite flakes.
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