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Evidence for the Origin of Reconstruction of the Mo(001) Surface
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We report results of an angle-resolved photoemission study to elucidate the driving mechanism of the
Mo(001) surface reconstruction. We find, for the first time, a remarkable change of the shapes of Fermi
contours upon cooling, which reveals a significant nesting at kt =0.65 A ', extended 0.30 A ' perpen-
dicular to the Z axis. The results suggest that the reconstruction should occur essentially by Peierls-type
2kF instabilities with significant matrix element effects.

PACS numbers: 64.60.—i, 63.20.Kr, 73.20.At

A vast library for characteristic features of the recon-
structional phase transitions of clean W(001) and

Mo(001) surfaces has been established to date [1-21].
However, the physical origin that drives the reconstruc-
tions, which reveal distinctly diA'erent phases below tran-
sition temperatures (T„) despite the isoelectronic nature
of the surfaces, has not been completely resolved, espe-
cially for the Mo(001) surface. A clean Mo(001) surface
undergoes a reconstructional phase transition from a

(I x I) to an incommensurate c(2.2X2.2) phase upon

cooling below T, =230 K [1,2]. Recent ion-scattering
and low-energy-electron-diffraction (LEED) studies sug-

gest that the low-temperature phase is a commensurate
c(7%2XJ2) phase, showing the subtlety of this phase

[3,4].
Essentially two branches of theoretical models have

been competing for this subject. A charge-density-wave
(CDW) mechanism ascribes the reconstructions to the
Peierls-like surface phonon instabilities driven by nesting
of two-dimensional Fermi surfaces with the onset of a

periodic lattice distortion [1,5-8]. On the other hand, a

model based on the dynamic Jahn-Teller-like instabilities
invokes a local bonding of surface orbitals that plays the
role of impurity stabilizer for an intrinsically unstable
surface [9-13]. Here a strong electron-lattice coupling
stabilizes the surface by softening a mode of surface pho-
nons at T, . Thus in the COW model electronic entropy
governed by a temperature-dependent susceptibility that
goes singular at T, drives the transition. However, in the
local-bonding model, phononic entropy from a tem-
perature-dependent phonon frequency that softens at T,
is responsible for the reconstruction. Relatively few ex-
perimental efforts [6,13] have been made to examine the
tenability of the theoretical models.

The purpose of this Letter is to present the results of an

angle-resolved photoemission study, which provide new

experimental evidence for the driving mechanism of
Mo(001) reconstruction. We measured the temperature
dependence of Fermi-surface contours to reveal a signifi-

cant nesting eff'ect at T„supporting essentially the CDW
model with nontrivial matrix element efIects.

The experiment was performed using synchrotron uv

radiation on the ISSP (Institute for Solid State Physics)
beam line BL-18A at the Photon Factory in Japan. Typi-
cal energy and angular resolutions are less than 150 meV

and 1'. The sample surface, oriented within ~0.2' to a
(001) plane, was cleaned by a well-known recipe [1],and

produced the incommensurate c(2.2&&2.2) LEED pattern
at low temperature. A quartet of extra spots near
M=(tr/a)(1, 1) =1.4 A ' in the surface Brillouin zone

(SBZ) stayed strong and sharp for at least 20 min, and

still discernible after 40 min under a base pressure of
below 2 & 10 " Torr. We were not able to observe the
(742& J2) LEED pattern for temperatures down to S2

K, in contradiction to a recent study [3]. In order to vary

the sample temperature in the range of 50 to 2500 K, we

used a closed-cycle cold head thermally connected to the

sample, and electron-beam-bombardment heating.
Since we observe several new features in the surface

band dispersions not available in calculations to date
[14,1S], we also have carried out band calculations using

the full-potential linearized augmented plane-wave
(FLAPW) method for a seven-layer slab for a bulk-

truncated (1&& I ) surface. The results qualitatively repro-

duce the main features of the experimental observations,
and unveil symmetries of the states. Since the details of
the band dispersions, both theory and experiment, will

be reported elsewhere [16], we focus here on mapping
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Fermi-surface contours from these spectra to elucidate
the driving mechanism of the reconstruction.

A series of photoemission spectra with two-dimensional
wave vectors kII along the X axis are presented in Fig. 1

for a reconstructed surface at T=52 K. The data were
obtained with photons of energy 21.22 eV, incident at 45'
to the surface normal with photon polarization in a (110)
scattering plane. Corresponding spectra for an unrecon-
structed surface for T ~ T„not shown here, are basically
similar to those in Fig. 1, and qualitatively agree with
previous studies [13,17]. In Fig. 1, in order to emphasize
the details, we intentionally present many spectra
separated by 5k~~ =0.037 A ' from each other. The nor-
mal emission (k~~ =0, I ) in Fig. I shows two predominant
peaks: a so-called Swanson hump state S1 of a nearly liat
band of binding energy E ( & —0.2 eV) just below the
Fermi energy EF, and a strong bulk peak 81 of E = —1.3
eV. A weak surface resonance SR1 of E= —0.6 eV—

grows in intensity, and mixes with S ~ with k II. We find
that 81 becomes another surface resonance SRq for
kt~ 0.51 A '. These classifications of the peaks were
made by examining the surface nature of the peaks ex-
perimentally through a method well known in the litera-
ture [13], and comparing to the results of our theoretical
calculation as discussed below.
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As noted earlier [13,17], S1 is found to be extremely
sensitive to surface contamination, especially to hydrogen
atoms, and does not disperse with incident photon energy,
as for a true surface state. A surface state similar to S]
was also found on a W(001) surface [18], and the origin
of these intense surface states has been a subject of a
number of theoretical studies [8,14-16]. The states SR~
and SRq are much less sensitive to surface contamina-
tions compared to S~ and somewhat dispersive with pho-
ton energy. Our calculation reveals, however, that more
than 50% of their charges reside on the surface, typical
for a resonance state.

Two-dimensional Fermi-surface contours were mea-
sured by determining the Fermi wave vectors k[I at which

S~ crosses EF for the entire area of the 8 irreducible
SBZ. As discussed previously [13,19], an exact location
of k[I is normally complicated by experimental restric-
tions such as a finite energy resolution. Since the main

goal of the present study is to probe the shape of the Fer-
mi contours, we determine k]I systematically so that the
shape may remain unaA'ected although the area covered

by the contours may vary upon choosing different Fermi
vectors.

While S1 shows a small dispersion (E ~ —0.3 eV) for
k1 ~ 0.78 A ' where it disappears completely, SR1
displays a significant variation of binding energy in a
periodic fashion. Initially it approaches EF up to about
k

~~
=0.2 A ', and then disperses away until about

k~~ =0.47 A ' for the maximum binding energy of
—0.64 eV. As k~~ increases further, SR1 reapproaches EF
up to k~~ =0.70 A ', where it again disperses away while

the intensity decreases rapidly at the same time. These
behaviors are clearly seen in the dispersions in Fig. 2,
with our calculated surface bands also drawn as solid

curves.
We find both theoretically and experimentally that S~
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FIG. l. A series of angle-resolved photoemission spectra with

k~~ along the X axis with a sample at T=52 K (below T,) The.
spectra were separated by about 0.037 A ', starting from I
(kii =0 A ', bottom) to M (k~~ =1.4 A ', sixth from the top).
The spectra with extended ends beyond EF have kll =0.29, 0.61,
0.89, 1.21, and 1.42 A ', respectively from the bottom.
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FIG. 2. Experimental (symbols) and theoretical (solid
curves) band dispersions of Mo(001) surface. Surface state S~,
surface resonances SR~ and SRq, and bulk state 8] are denoted
by circles, diamonds, squares, and triangles, respectively, with
even (Z~) and odd (Xz) symmetries specified. The solid and
open symbols are for below and above T„and solid (dashed)
curves are our theoretical curves for surface (bulk) states.
Representative error bars are drawn as short slanted lines.
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is mainly of even (Zi) and SR| is of odd (Z2) character
except near I where S] mixes with states of odd symme-

try in a limited range of k[[. We note that the calculated
bands of Sl and SRi disappear at kt =0.88 A ' simul-

taneously, in qualitative agreement with experiment. In-
terestingly there appears a band of weak intensity for a
narrow region of 0.87 ( kt ( 1.06 A ', absent in the cal-
culated surface bands. Although not shown in Fig. 2, this
band, another surface resonance, stems from a bulk band
that crosses EF near M [16]. A big hole pocket centered
at M begins at king=1. 06 A ' where this weak resonance
state dies out as observed previously [13].

In Fig. 3, we plot the two-dimensional Fermi-surface
contours CF for the —,

' SBZ for above (a) and below (b)
T„which reveal an important aspect for the origin of the
reconstruction. The complete contours were made by
mirror reflecting the data obtained for the & irreducible
SBZ. As mentioned earlier, bearing the experimental
limitations in mind, the contours Co were determined by
k[[ values where Si disappears completely, and then the
Fermi contours CF by the wave vectors where S] ap-
proaches closest to FF within the experimental resolution
of 0.15 eV. The Fermi vector ki~ thus chosen along X, is

M

0.65 A ' (see Fig. 2), which deviates from the theoreti-
cal EF crossing of 0.88 A '. It is also not unique in the

sense that there exists a range 0.21 (kii(0.36
where Si also approaches close to FF within the energy
resolution. A big hole pocket Cg centered at M and sur-

rounded by a weak electron pocket (not shown to avoid

complication in the figures) is found, in agreement with

previous measurement [13].
The temperature dependence of the Fermi contours in

Fig. 3, reported for the first time, shows a remarkable
change of their shapes upon cooling. In Fig. 3(c), the

segments of Fermi contours perpendicular to the X axis
are redrawn schematically to emphasize the change of the
curvature, from convex to concave as temperature crosses
T„which suggests a good possibility of a perfectly paral-
lel segment exactly at T, . The length of the parallel seg-
ment at T, is estimated to be about 0.30 A ', which

should be enough to enhance the generalized susceptibili-

ty to soften, with nonadiabatic effects, a surface mode as
in the CDW model [9]. Thus the 2kF instability of the
Peierls type plays a vital role for the reconstruction, and

naturally accounts for the wave vector of reconstruction
2kii =1.30 A ', in close agreement with the LEED ob-
servation of qadi=1. 28 A ' in the c(2.2x2.2) phase. As

discussed by Smith and Kevan, a symmetry argument
selects the Ms mode to be pinned at T, [13].

It is also instructive to choose kii =0.78 A ' where
both Sl and SRi disappear. We then have an even more
significant nesting eA'ect that might freeze the M5 mode
of qadi =G

—2kii =1.24 A '. We further find that there
are no such parallel segments perpendicular to Z for an

electron pocket surrounding the hole pocket at M or for
the hole pocket itself.

In contrast, we now consider several features that
might support the local bonding mechanism. The fact
that there exists a strong surface state of flat band near

EF, which mixes with a surface resonance periodically,
suggests a significant nonadiabatic electron-lattice cou-
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FICJ. 3. (a) Experimentally determined Fermi-surface con-
tours for the 4 surface Brillouin zone (T & T, ). (b) Corre-
sponding contours at T ( T, . The contours are defined by wave
vectors where Si approaches closest to EF (CF), disappears
completely (Co), and disappears again (Ci, ). The shaded areas
denote the error range of the contours. (c) The segments of CF
along the direction perpendicular to the X, axis are redrawn to
emphasize the change of the curvature, from convex to concave,
upon cooling below T, . A perfect nesting should occur exactly
at T, that can extend about 0.30 A ', which might be enough
to induce reconstruction via the CDW mechanism.
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FIG. 4. Ratio of the peak intensity of SI normalized by a
background intensity, taken at binding energy —1.0 eV. Solid
and open circles are for below and above T, . Notice the period-
ic variation with periodicity of about 0.21 A ', and enhanced
intensity at low temperature.
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pling as in the local bonding model [9]. Moreover, the
peak intensity of Si, being proportional to the surface
density of states, also shows an interesting oscillatory be-
havior as depicted in Fig. 4 for above (open circles) and
below (solid circles) T, Th. e intensity was normalized by
a background intensity, taken at E= —1.0 eV, where the
intensity variation with k[[ remains minimal. Note the
periodicity of about king=0. 21 A ' for both temperatures,
which is half of that of the (742&& J2) phase. We also
observe much enhanced intensity, especially at k[i =0.21

', at low temperature, and the low intensity at kt
demands nontrivial matrix element effects in addition to
Fermi-surface nesting. Similar distributions of the sur-
face density of states were found for the region nearby
the Z axis in the SBZ.

If the local bonding mechanism works solely for the
reconstruction, there should be a strong matrix element
effect, winning the distribution of surface states in Fig.
4, in selecting the wave vector of the reconstruction

qua=0. 40 or 1.28 A ' for the (742x J2) [3,4] or the
c(2.2x2.2) phase [I]. However, this is not consistent
with recent observations [20,21] that a significant Kohn
anomaly in the M5 phonon mode occurs only at q =1.1

' above T, along Z, while other phonon modes are for-
bidden by the symmetry selection rule [13]. It is worth

noting the possibility that the strong periodic modulation
of the surface resonance SR| might be caused by the
reconstruction penetrating into subsurface layers, an indi-

cation of involvement of phonons with vertical displace-
ments as noted previously [3,22].

In summary, we measured the temperature dependence
of two-dimensional Fermi-surface contours of a clean
Mo(001) surface and show that a significant nesting
occurs at T, with Fermi vector that accounts for the wave

vector of the reconstruction. The surface density of states
at the Fermi vector, however, is found to be a local max-
imum. We thus conclude that the reconstruction should
occur essentially via the CDW mechanism with consider-
able matrix element effects.
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