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TiC (100 surface relaxation studied with low-energy electron diffraction intensity analysis
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The atomic structure of Ti@00 was determined precisely by low-energy electron diffraction intensity
analysis. The surface atomic structure is relaxed; the topmost C atoms are displaced outward and Ti atoms
inward with respect to the truncated bulk atomic positions. The results agree qualitatively with earlier theo-
retical work[D. L. Price, J. M. Wills, and B. R. Cooper, Phys. Rev. L&, 3375(1996] and quantitatively
with the latest theoretical results based on the first-principles molecular dynamics rfi€thaabayashi, Jpn.
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[. INTRODUCTION For TiC some atomic structures have been proposed from
the theoretical point of view. A simplé-p tight-binding
Surface crystallography plays the same fundamental rolenodel predicts inward relaxation for the surface C and out-
in surface science as bulk crystallography has played so suwvard relaxation for Tf. On the contrary, LMTO and FPMD
cessfully in solid-state physics and chemistry. Atomic-scalecalculations predict outward relaxation for the surface C and
structure is one of the most important aspects in understandhward relaxation for TP° One experimental report, by
ing the behavior of surfaces in such widely diverse fields asow-energy ion scatteringLEIS), |[r|<0.1, does not have
heterogeneous catalysis, microelectronics, adhesion, lubrichigh enough accuracy to determine the correct positions of
tion, corrosion, coatings, and solid-solid and solid-liquid in- Ti and C.
terfaces. Experimental evidence indicating surface relaxation on
Refractory metal carbides exhibit interesting physicalTiC(100) has been found in surface phonons. Changes in the
properties such as extremely high melting point, high hardehemical bonding near this surface were detected in the
ness, high electrical conductivity, and superconductitity. analysis of surface force constants. Above the bulk optical
Recently, their surface properties have attracted considerabonon bands, surface phonons were found with a polariza-
attention because of their use as catalytic materials for théon vertical to the surface, of which the vibrational ampli-
hydrogenation of benzene, ethylene, and carbon monoxidéydes are located at the carbon atoms in the second outermost
decomposition of methanol, etc.> and also for electrocata- layer. To explain the appearance of these modes, the authors
lytic reactions” In contrast to the substantial accumulation introduced changes in the force constants near the surface.
of data on transition metal surfaces, including theoreticalConcerning the TiCLOO surface, the force constant between
work on the surface atomic structure, however, limited infor-the first-layer Ti and the second-layer C should increase by
mation is available on the atomic structure of the well-20%, while the force constant between the first-layer C and
defined surfaces of transition metal carbides. the second-layer Ti atoms decreased by G%ble ). The
Transition metal carbidesTMC's) including TiC have data strongly suggest a rippled relaxation of the surface; the
the rock-salt crystal structure. TH&00) surfaces exhibit (1 carbon atoms are displaced outward and the Ti atoms inward
X 1) structures with equal numbers of metal and C atomsin the topmost layet?
Each C atom is situated at the center of a square net of metal In this paper, we report the surface atomic structure of
atoms. They have been studied both theoretitalfyand  TiC(100 determined precisely by a low-energy electron dif-
experimentally>~1° fraction intensity analysis, which is one of the most reliable
Detailed low-energy electron diffractiodLEED) |-V  techniques for determining overlayer structures. The result
analyses were performed for two stoichiometric surfaceslearly shows a rippled structure, of which the amplitude is
TaQ(100) and HfQ100 by Gruzalski and co-workeré:*®>  0.14 A. It is in perfect agreement with the latest calculated
They determined a rippled structure in the first and secondne of 0.14 AL°
layers; carbon atoms are displaced outward and metal atoms
inward. The amplltude of the rippled structure for TaC Il. EXPERIMENTAL AND CALCULATIONAL
agrees well with ones found by two theoretical calculations, PROCEDURES
a full-potential linear muffin tin orbita[LMTO) electronic
structure calculatiolt and a first-principles molecular dy- A single crystal of TiG gs5 was grown by the floating-
namics(FPMD) determinatiort® These values seem reason- zone methotf and cut into disks parallel to thd00) plane
able, considering force-constant changes. of ~1 mm thickness by spark erosion, and then one face was
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TABLE I. Force-constant changés percent between the top- ~_ &
most layer and the second layer of several TMIOO) surfaces. 1St layer U Nodrm) o A U e
Here, IM means the topmost-layer metal atomyl Zhe second- di7iac /‘ilc'm
layer metal atom, 1C the topmost-layer carbon atom, and 2C the9pd layer GVl / ) 3 r

NN/ N | )
second-layer carbon atofRef. 13. 4 4
2C-3Tj 2Ti-3
() (D) YT
Compound 3rd layer (1) (€ AN

Type of

force constant  TiC ZrC HfC NbC ~ TaC FIG. 1. The side view of the best-agreement structure of

F(1M-2C) 20 20 20 50 48 TiC(100 with the minimum aRp=0.19. The bulk interlayer spac-
F(IM-2M) 18 5 50 0 0  MgSdhu=21635A.
F(1C-2M) -5 —24 —50 —20 —45

for a model with the following relaxations: the distance be-
tween the topmost carbon and the second-layer Ti atoms

polished mechanically to a mirrorlike finish. The experimentdlC-ZTi: 2.25A, diriac=2.14A, dorac=2.19A, dac.ari
was carried out in an ultrahigh-vacuum chamber equipped_'2-15Av r1=0.14A, andr,=0.03A. The experimental
with four-grid LEED optics, an x-ray/ultraviolet photoemis- @ccuracy was=0.03 A. The side view of the structure is
sion spectroscopyXPS/UPS system, and a gas inlet. The depicted in Fig. 1, and the-V curves in Fig. 2.

base pressure of the UHV chamber wag x 10 8 Pa. The The constanRp contour plot as a function af,c o and
surface was cleaned by flash heating up to about 1400 °Glitizc shows that the best agreement is g ori=2.25 A
Prior to measurements the cleanliness of the surface wa'ddirioc=2.14 A (Fig. 3. Below the second layer the at-

confirmed using XPS. The clean surface shows sharp (PMs are fixed, and Ti and C in the first layer were moved
x 1) LEED spot on a low background. independently. TheR factors become worse as the lines

The LEED spot intensities were measured with a high-Move outward. The rippled structure of the surface reduces
sensitivity chilled charge-coupled device camera connectel'® R factor to 0.19 from that of the truncated bulk structure
to a personal computer. The intensities of four different spot§0-38. Note that the contours are elliptical. If they were cir-
at (1,0, (1,1, (2,0, and (2,1) were measured versus the cular, then the struc.ture_ analysis would be equally sensitive
electron energy from 50 to 300 eV. The finaV curve for @ both of two atomic distances,c oy anddyrioc. As the
each spot was obtained by averaging the curves for Sym(;ontours are distorted, thR factor is sensitive tod;tioc

metrically equivalent spots. rather thard,c_,1i. This is consistent with the larger scatter-
By using the same procedure, we have already detectedidd factor of Ti than that of C. _ _

rippled structure of hexagonal BN on (4iL1), which has In Table I, our results are compared with three theoretical

also been confirmed by x-ray photoelectron diffracidn,  Values calculated on the basis of LMF@ight-binding? and

O . . . .

In order to determine the surface crystallography, detailed PMD methodsl. The directions of the observed atomic dis-
comparisons were performed using a perturbation methodlacement in the surface relaxation are the same as the the-
The surface region was conceptually divided into layers paroretical results obtained by LMTO and FPMD calculations,
allel to the surface, with each layer being a composite of &ut different from that of the tight-binding method. More-
lattice of Ti atoms and a lattice of C atoms. Eight phase@ver, the FPMD calculation predicted the same ripple ampli-
shifts were used to calculate the atomic scatterifigy( tude as the experimental one, 0.14 A; the FPMD calculation
—7). The attenuation due to thermal vibrations was modele@rovides perfect agreement with the present results.
using a Debye-Waller formalism with different Debye tem-
peratures for atoms on the surface and the balk,~450 " B o meoss

. . . 21 =0.3
and 0,,,,=910 K. The beam attenuation due to inelastic scat- ——— Theoy = @1 Rp=0.%
tering was modeled by an optical potential where the imagi-
nary component was 3.5 eV. TheV spectra were calculated L

(20) Ry=026

for a variety of models in which the interplanar spacings for &
the Ti and C sublattices were varied for layers near the sur-
face. Since the LEED pattern is XI1), no lateral displace-
ments of the surface atoms were acceptable.

The calculated and measurkd/ spectra were compared
using the Pendry reliability factdRp .8 From the PendrnR
factor for each structure, we have evaluated the atomic struc

ture of the first two layers of Ti(00).

Intensity (arb.un
T

50 100 150 200 250 300
Ill. RESULTS AND DISCUSSION Primary Energy (eV)

The spacings between the C and Ti atoms in the first and FiG. 2. Comparison of the measured/ curves(exp with cal-

second layers were adjusted systematically with optimizatioulated curvestheory for four diffraction spots on the Ti(L00)
schemes. The best agreement WRp=0.19 was obtained surface.
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. . S TABLE II. The ripple amplituder, (in A) of TMC (100 sur-
51 faces.
- Method TIC ZrC HfC NbC TaC
= =]
:(é LEED |-V (present, Refs. 4,35 0.14 0.11 0.16 0.2
gy o ! FPMD (pc) (Ref. 10 0.14 0.12 0.13 0.22 0.23
; o) FPMD (np) (Ref. 10 0.14 0.2 0.09 0.23 0.23
b5 080 el | L LMTO (Refs. 8,11 0.05 0.21
0 00 o Tight binding (Ref. 9 -0.07 0.12
2, I LEIS (Ref. 12 Ir|<0.1

T

2 200 25 2m 235
1Ti-2C distance (A) Fermi energy localize in the vicinity of carbon atoms, and
these electrons presumably make a contribution to adsorp-
tion. These views are also supported by the FPMD
calculation'® The surface electronic state and the wave func-
In addition, the FPMD results explain two other experi- tion are changed, and the surface becomes stable owing to
mental facts: the surface force-constant change and the suelaxation. As a result, carbon atoms become active.
face active points for reactiofl.According to the theoretical
results, ripple relaxation inqreases the work function, be- V. SUMMARY
cause the net electrons flow is from the crystal to the vacuum
side owing to the ripple formation. The FPMD calculation  The detailed rippled structure of T{000) determined by
also shows that the direction of the partial electron flowtensor LEED analysis agrees with both the calculations
around the topmost Ti is opposite to that around the topmogtased on FPMD and the results of surface phonon experi-
carbon. Electrons around the topmost Ti atoms move fronments. The surface phonon dispersions are also strongly cor-
the vacuum to the crystal, while electrons around the toprelated with the surface structure, which explains the disper-
most carbon atoms move in the opposite direction, from theion and also the important role of carbon atoms in the
crystal to the vacuum. This explains well the force-constansurface catalytic process.
changes observed in surface phonon spectroscopy: an in-
crease in the force constant between the topmost Ti and the
second-layer carbon, and a decrease between the topmost C
and the second-layer . This work was supported partially by the Ministry of Edu-
The surface relaxation of TMC’s has great importance incation, Science, Sports and Culture, Grant-in-Aid for Scien-
catalytic reactions. TiC has a similar catalytic function totific Research on Priority AredCarbon Alloys, and also
Pt. Two experimental studies by LEIS spectroscopy and byhrough special coordination funds of the Science and Tech-
UPS suggest strongly that oxygen atoms are adsorbed on thelogy Agency of the Japanese Government “Study on Self-
topmost carbon atoms, not the Ti atoMg® These experi- Organization of Materials.” M.T. expresses her appreciation
mental results show that the carbon atoms of(I0D) play to Professor Mizuno, Professor Rieder, and Professor
an important role in the catalytic process. Electrons near th&ranchy for useful discussions.

FIG. 3. The constan®, contour plot as a function of the first
interplanar spacings.
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