
PHYSICAL REVIEW B, VOLUME 63, 073407
TiC „100… surface relaxation studied with low-energy electron diffraction intensity analysis
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The atomic structure of TiC~100! 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. Lett.77, 3375~1996!# and quantitatively
with the latest theoretical results based on the first-principles molecular dynamics method@K. Kobayashi, Jpn.
J. Appl. Phys., Part 139, 4311~2000!#.
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I. INTRODUCTION

Surface crystallography plays the same fundamental
in surface science as bulk crystallography has played so
cessfully in solid-state physics and chemistry. Atomic-sc
structure is one of the most important aspects in underst
ing the behavior of surfaces in such widely diverse fields
heterogeneous catalysis, microelectronics, adhesion, lub
tion, corrosion, coatings, and solid-solid and solid-liquid
terfaces.

Refractory metal carbides exhibit interesting physi
properties such as extremely high melting point, high ha
ness, high electrical conductivity, and superconductivit1

Recently, their surface properties have attracted consider
attention because of their use as catalytic materials for
hydrogenation of benzene, ethylene, and carbon monox
decomposition of methanol, etc.,2–5 and also for electrocata
lytic reactions.6,7 In contrast to the substantial accumulati
of data on transition metal surfaces, including theoreti
work on the surface atomic structure, however, limited inf
mation is available on the atomic structure of the we
defined surfaces of transition metal carbides.

Transition metal carbides~TMC’s! including TiC have
the rock-salt crystal structure. The~100! surfaces exhibit (1
31) structures with equal numbers of metal and C ato
Each C atom is situated at the center of a square net of m
atoms. They have been studied both theoretically8–11 and
experimentally.12–15

Detailed low-energy electron diffraction~LEED! I -V
analyses were performed for two stoichiometric surfa
TaC~100! and HfC~100! by Gruzalski and co-workers.14,15

They determined a rippled structure in the first and sec
layers; carbon atoms are displaced outward and metal a
inward. The amplitude of the rippled structure for Ta
agrees well with ones found by two theoretical calculatio
a full-potential linear muffin tin orbital~LMTO! electronic
structure calculation11 and a first-principles molecular dy
namics~FPMD! determination.10 These values seem reaso
able, considering force-constant changes.
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For TiC some atomic structures have been proposed f
the theoretical point of view. A simpled-p tight-binding
model predicts inward relaxation for the surface C and o
ward relaxation for Ti.9 On the contrary, LMTO and FPMD
calculations predict outward relaxation for the surface C a
inward relaxation for Ti.8,10 One experimental report, by
low-energy ion scattering~LEIS!, ur u,0.1, does not have
high enough accuracy to determine the correct positions
Ti and C.

Experimental evidence indicating surface relaxation
TiC~100! has been found in surface phonons. Changes in
chemical bonding near this surface were detected in
analysis of surface force constants. Above the bulk opt
phonon bands, surface phonons were found with a polar
tion vertical to the surface, of which the vibrational amp
tudes are located at the carbon atoms in the second outer
layer. To explain the appearance of these modes, the au
introduced changes in the force constants near the surf
Concerning the TiC~100! surface, the force constant betwee
the first-layer Ti and the second-layer C should increase
20%, while the force constant between the first-layer C a
the second-layer Ti atoms decreased by 5%~Table I!. The
data strongly suggest a rippled relaxation of the surface;
carbon atoms are displaced outward and the Ti atoms inw
in the topmost layer.13

In this paper, we report the surface atomic structure
TiC~100! determined precisely by a low-energy electron d
fraction intensity analysis, which is one of the most reliab
techniques for determining overlayer structures. The re
clearly shows a rippled structure, of which the amplitude
0.14 Å. It is in perfect agreement with the latest calcula
one of 0.14 Å.10

II. EXPERIMENTAL AND CALCULATIONAL
PROCEDURES

A single crystal of TiC0.955 was grown by the floating-
zone method16 and cut into disks parallel to the~100! plane
of ;1 mm thickness by spark erosion, and then one face
©2001 The American Physical Society07-1
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polished mechanically to a mirrorlike finish. The experime
was carried out in an ultrahigh-vacuum chamber equip
with four-grid LEED optics, an x-ray/ultraviolet photoemis
sion spectroscopy~XPS/UPS! system, and a gas inlet. Th
base pressure of the UHV chamber was;131028 Pa. The
surface was cleaned by flash heating up to about 1400
Prior to measurements the cleanliness of the surface
confirmed using XPS. The clean surface shows sharp
31) LEED spot on a low background.

The LEED spot intensities were measured with a hig
sensitivity chilled charge-coupled device camera connec
to a personal computer. The intensities of four different sp
at ~1,0!, ~1,1!, ~2,0!, and ~2,1! were measured versus th
electron energy from 50 to 300 eV. The finalI -V curve for
each spot was obtained by averaging the curves for s
metrically equivalent spots.

By using the same procedure, we have already detect
rippled structure of hexagonal BN on Ni~111!, which has
also been confirmed by x-ray photoelectron diffraction.17

In order to determine the surface crystallography, deta
comparisons were performed using a perturbation meth
The surface region was conceptually divided into layers p
allel to the surface, with each layer being a composite o
lattice of Ti atoms and a lattice of C atoms. Eight pha
shifts were used to calculate the atomic scattering (l max
57). The attenuation due to thermal vibrations was mode
using a Debye-Waller formalism with different Debye tem
peratures for atoms on the surface and the bulk,usur5450
andubulk5910 K. The beam attenuation due to inelastic sc
tering was modeled by an optical potential where the ima
nary component was 3.5 eV. TheI -V spectra were calculate
for a variety of models in which the interplanar spacings
the Ti and C sublattices were varied for layers near the
face. Since the LEED pattern is (131), no lateral displace-
ments of the surface atoms were acceptable.

The calculated and measuredI -V spectra were compare
using the Pendry reliability factorRP .18 From the PendryR
factor for each structure, we have evaluated the atomic st
ture of the first two layers of TiC~100!.

III. RESULTS AND DISCUSSION

The spacings between the C and Ti atoms in the first
second layers were adjusted systematically with optimiza
schemes. The best agreement withRP50.19 was obtained

TABLE I. Force-constant changes~in percent! between the top-
most layer and the second layer of several TMC~100! surfaces.
Here, 1M means the topmost-layer metal atom, 2M the second-
layer metal atom, 1C the topmost-layer carbon atom, and 2C
second-layer carbon atom~Ref. 13!.

Type of
force constant

Compound

TiC ZrC HfC NbC TaC

F(1M -2C) 20 20 20 50 48
F(1M -2M ) 18 5 50 0 0
F(1C-2M ) 25 224 250 220 245
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for a model with the following relaxations: the distance b
tween the topmost carbon and the second-layer Ti ato
d1C-2Ti52.25 Å, d1Ti-2C52.14 Å, d2Ti-3C52.19 Å, d2C-3Ti
52.15 Å, r 150.14 Å, and r 250.03 Å. The experimenta
accuracy was60.03 Å. The side view of the structure i
depicted in Fig. 1, and theI -V curves in Fig. 2.

The constant-RP contour plot as a function ofd1C-2Ti and
d1Ti-2C shows that the best agreement is ford1C-2Ti52.25 Å
andd1Ti-2C52.14 Å ~Fig. 3!. Below the second layer the a
oms are fixed, and Ti and C in the first layer were mov
independently. TheR factors become worse as the line
move outward. The rippled structure of the surface redu
the R factor to 0.19 from that of the truncated bulk structu
~0.38!. Note that the contours are elliptical. If they were c
cular, then the structure analysis would be equally sensi
to both of two atomic distancesd1C-2Ti and d1Ti-2C. As the
contours are distorted, theR factor is sensitive tod1Ti-2C
rather thand1C-2Ti. This is consistent with the larger scatte
ing factor of Ti than that of C.

In Table II, our results are compared with three theoreti
values calculated on the basis of LMTO,8 tight-binding,9 and
FPMD methods.10 The directions of the observed atomic di
placement in the surface relaxation are the same as the
oretical results obtained by LMTO and FPMD calculation
but different from that of the tight-binding method. More
over, the FPMD calculation predicted the same ripple am
tude as the experimental one, 0.14 Å; the FPMD calculat
provides perfect agreement with the present results.

FIG. 2. Comparison of the measuredI -V curves~exp! with cal-
culated curves~theory! for four diffraction spots on the TiC~100!
surface.

e

FIG. 1. The side view of the best-agreement structure
TiC~100! with the minimum atRP50.19. The bulk interlayer spac
ings dbulk52.1635 Å.
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In addition, the FPMD results explain two other expe
mental facts: the surface force-constant change and the
face active points for reaction.10 According to the theoretica
results, ripple relaxation increases the work function,
cause the net electrons flow is from the crystal to the vacu
side owing to the ripple formation. The FPMD calculatio
also shows that the direction of the partial electron fl
around the topmost Ti is opposite to that around the topm
carbon. Electrons around the topmost Ti atoms move fr
the vacuum to the crystal, while electrons around the t
most carbon atoms move in the opposite direction, from
crystal to the vacuum. This explains well the force-const
changes observed in surface phonon spectroscopy: an
crease in the force constant between the topmost Ti and
second-layer carbon, and a decrease between the topm
and the second-layer Ti.10

The surface relaxation of TMC’s has great importance
catalytic reactions. TiC has a similar catalytic function
Pt. Two experimental studies by LEIS spectroscopy and
UPS suggest strongly that oxygen atoms are adsorbed o
topmost carbon atoms, not the Ti atoms.19,20 These experi-
mental results show that the carbon atoms of TiC~100! play
an important role in the catalytic process. Electrons near

FIG. 3. The constant-RP contour plot as a function of the firs
interplanar spacings.
d
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Fermi energy localize in the vicinity of carbon atoms, a
these electrons presumably make a contribution to ads
tion. These views are also supported by the FPM
calculation.10 The surface electronic state and the wave fu
tion are changed, and the surface becomes stable owin
relaxation. As a result, carbon atoms become active.

IV. SUMMARY

The detailed rippled structure of TiC~100! determined by
tensor LEED analysis agrees with both the calculatio
based on FPMD and the results of surface phonon exp
ments. The surface phonon dispersions are also strongly
related with the surface structure, which explains the disp
sion and also the important role of carbon atoms in
surface catalytic process.
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TABLE II. The ripple amplituder 1 ~in Å! of TMC ~100! sur-
faces.

Method TiC ZrC HfC NbC TaC

LEED I -V ~present, Refs. 4,15! 0.14 0.11 0.16 0.2
FPMD ~pc! ~Ref. 10! 0.14 0.12 0.13 0.22 0.23
FPMD ~np! ~Ref. 10! 0.14 0.12 0.09 0.23 0.23
LMTO ~Refs. 8,11! 0.05 0.21

Tight binding ~Ref. 9! 20.07 0.12
LEIS ~Ref. 12! ur u,0.1
h-
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