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Change of Ground State Configuration Induced by the Stark Shift of Surface States
in Some bcc(001) Surfaces
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Using density functional calculations, we found that the ground state configuration of some bcc(001
surfaces are field dependent because different configurations experience different Stark shifts of surfa
states. When the W(001) surface is positively biased, an external electric field stabilizes acs2 3 2d
array of surface vacancies, so that the ground state is no longer the well-established “Debe-King
model. Similar behavior is found for Mo(001), but not for Nb(001). The field-induced change of
ground state provides a natural explanation for the anomalous behavior of W(001) inside field ion
microscopes. [S0031-9007(99)08932-2]

PACS numbers: 68.35.Bs, 68.10.Cr, 73.20.At
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In experimental techniques such as scanning tunnel
microscopy (STM) and field ion microscopy (FIM), and a
the electrode/electrolyte interface, the material surface
subjected to fairly strong external electric (E) fields. Un-
til rather recently, the majority of theoretical calculation
have focused on surface properties in the absence oE
fields, with only a few exceptions [1]. It is frequently as
sumed that the surface morphology is not much affected
the field, although there is strong evidence that this m
not be the case. For example, potential-induced surf
morphological changes are well documented in metal/el
trolyte interfaces [2]. Fu and Ho [1] showed that an exce
surface charge can induce a missing-row reconstruct
in Ag(110). Pulse-laser field evaporation of fcc Rh(00
plane gives aps2 3 2d structure, stable only if an externa
E field is applied [3]. Understanding the influence of a
E field on surface properties is not only important for in
terpreting some experimental results, but may also ope
new avenue for controlling surface properties. This is w
there has been a recent surge in the literature that consi
the action of theE field, especially its effect on absorbate
[4]. In this article, we examine the effect ofE field on
some bcc(001) surfaces, and we will show that an ext
nal field can have fairly dramatic consequences on syste
like W(001).

The application ofE fields will inevitably lead to
induced charge rearrangements that cannot be han
easily by empirical models. Metallic screening properti
are also difficult to model empirically. The local densit
formalism can take care of these subtle effects se
consistently. It is thus the method of choice for studyin
field induced effects.

The results presented here were performed using the
cal density functional formalism [5] (Ceperly-Alder loca
exchange and correlation [6]), and norm-conserving ps
dopotentials [7]). The wave functions were expanded
a mixed-basis set of plane waves with kinetic energy
to 11.5 Ry and Bloch sums of numerical orbitals [8]. Th
0031-9007y99y82(16)y3292(4)$15.00
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bcc(001) surface is modeled by the standard slab geo
try. The slabs are nine layers thick, repeated in the (0
direction and separated by vacuum regions of 18 Å. T
$k points are sampled on an8 3 8 mesh in thecs2 3 2d
surface Brillouin zone (SBZ) [9]. To include the effect o
an externalE field, two external uniform charge sheets a
placed in the vacuum, one at 9 Å above the slab and on
9 Å under the slab. The electrons in metallic systems w
rearrange themselves to give a surface charge that scr
out the field. The surface screening charge and the ex
nal charge sheets establish anE field in the vacuum whose
magnitude is controlled by the surface charge density
the charge sheet. Atomic coordinates for different mod
(with and withoutE fields) are fully relaxed.

The W(001) surface exhibits a famouscs2 3 2d dis-
placive reconstruction where the surface atoms are
placed laterally along thek11l direction forming zigzag
chains (Debe-King model) [10]. This reconstruction ca
be viewed as a frozen soft surfaceM̄5 phonon mode [11],
so we will label the Debe-King model ascs2 3 2dM5.

We first examine the effect of anE field oncs2 3 2dM5.
We found that at zero field, theps1 3 1d surface is in-
deed unstable with respect to acs2 3 2d reconstruction in
which the surface atoms are laterally displaced along
k11l direction byd ø 0.26 Å, accompanied by a contrac
tion of the first interlayer distance (d12) by approximately
6%. Our results compare well with experimental data a
previous calculations [12]. We next impose anE field.
At E ­ 3 VyÅ, d becomes 0.24 Å andd12 changes by
only 0.01 Å, respectively. TheE field does not induce
noticeable “up-down” staggering displacement of the s
face atoms. In other words, thēM1 surface phonon mode
remains stiff. Thus, the change in atomic structure is sm
at typicalE-field strengths operating in the imaging mod
inside a FIM.

We next consider acs2 3 2d array of surface vacancies
hereby referred to ascs2 3 2d-vacancy [cs2 3 2d-V ]. In
Fig. 1, we compare the local density of states of the surf
© 1999 The American Physical Society
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FIG. 1. Surface density of states for W(001) for (a)cs2 3 2d-
V and (b)cs2 3 2d-M5; with the SDOS ofps1 3 1d shown as
dotted lines for comparsion.

atoms (SDOS) at zero field for W(001) in theps1 3 1d,
cs2 3 2dM5 (Debe-King model), andcs2 3 2d-V struc-
tures. Transition metals like Mo and W have bcc rath
than close-packed structures, which is usually attribut
to the dip in the bcc DOS nearEf for systems with half-
filled d shells. When a (001) surface is formed, a pe
due to surface states appears nearEf in the SDOS of
the ps1 3 1d surface, and this peak is usually associat
with the inherent instability ofps1 3 1d. It is well known
that thecs2 3 2dM5 reconstruction reduces the SDOS ne
Ef [12], as is evident from Fig. 1(b). What is not wel
known is that the peak can also be reduced very eff
tively by the formation of acs2 3 2d array of vacancies
[Fig. 1(a)]. This correlates well the total energy result
which show thatboth the cs2 3 2dM5 and thecs2 3 2d-
V are lower in energy than theps1 3 1d (by 0.07 and
0.09 eV per surface atom, respectively). The local de
sity approximation (LDA) results indicate thatcs2 3 2d-V
is marginally (20 meVysurface atom) lower in energy
than cs2 3 2dM5. Even if LDA gets the energy order-
ing wrong for these nearly degenerate configurations,
field-induced differences to be discussed below sho
be trustworthy since they are much larger than 0.01 e
In any case, the energetic and kinetic barrier to go fro
cs2 3 2dM5 to cs2 3 2d-V is expected to be large, since
the transformation requires the removal and transport
half of the surface atoms.

We shall see thatcs2 3 2d-V becomes energetically
more favorable if we impose an externalE field. We show
in Fig. 2 the difference in surface energy betweencs2 3

2d-V andcs2 3 2dM5 (sV 2 sM5 ) as a function ofE-field
strength [13] for the (001) surfaces of W, Mo, and Nb
In this article, a positive field means that the surface
er
ed

ak

ed

ar
l
ec-

s,

n-

the
uld
V.
m

of

.
is

FIG. 2. Differences in surface energies betweencs2 3 2d-V
andcs2 3 2d-M5 as a function ofE-field strength for the (001)
surfaces of W (solid circle), Mo (square), and Nb (triangle
Negative numbers indicate thatcs2 3 2d-V is more stable. For
Nb, the reference energy isps1 3 1d. The line serves as a
guide to the eye.

positively biased, and a negative surface energy differe
means thatcs2 3 2d-V is more stable. We will first focus
on W(001). We see that when theE field causes depletion
of surface electrons,cs2 3 2d-V becomes strongly favored
over cs2 3 2dM5. If we reverse the field, causing extr
electrons to go to the surface,cs2 3 2dM5 becomes more
stable [14].We believe that there is already strong expe
mental evidence for such behavior.It is well documented
that W(001) exhibits a peculiar field-evaporation behav
[15–17]. When W(001) is field evaporated [15,16] insid
a FIM at high temperature, acs2 3 2d array of surface
vacancies is eventually formed (when observed with
imaging field strengthø4 VyÅ) [18]. The original in-
terpretation [15,16] was that the W(001) surface has “u
down” atomic displacement so that theE field selectively
evaporates the “up” atoms. It is now well established th
the surface atomic displacement is not up-down, but late
[12]. The unconventional behavior of W(001) now has
simple interpretation in light of our calculation:cs2 3 2d-
V is more stable thancs2 3 2dM5 in the presence of anE
field, and the field evaporation helps the system to rea
the ground state of acs2 3 2d array of surface vacancies
Another indirect evidence is the formation of substitution
surface alloys of many fcc metals with W and Mo(00
[19]. These systems can be regarded as fcc elements
ing vacancies in thecs2 3 2d-V configuration. Most of
these fcc elements do not alloy with W in the bulk. Eve
in a surface environment, electronic structure calculatio
for the cs2 3 2d CuyW(001) substitutional surface alloy
[20] show that the Cu atoms have little bonding with th
W atoms. Why should metals like Cu, Ag, and Au form
cs2 3 2d surface alloys with W(001) if they do not like
to bond with W? The stability ofcs2 3 2d-V must play
a role [19,20]. We note that these metals are more e
tronegative than W on the Pauling scale, and should dep
surface electrons from W(001). According to our resul
3293
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surface electron depletion stabilizescs2 3 2d-V , and the
fcc elements can then fill in the vacancies to smooth o
the surface charge profile. In light of the present resu
the formation of these surface alloys may thus arise fro
“physical” forces rather than direct chemical bonding. W
have also considered aps2 3 2d array of surface vacancies
[ps2 3 2d-V ] for W(001), and theE-field effect is quali-
tatively similar to that ofcs2 3 2d-V , except that it is less
dramatic. When W(001) is positively biased,ps2 3 2d-V
is more favorable thancs2 3 2dM5, but not as favorable
in energy ascs2 3 2d-V .

In order to understand the the mechanism underlyi
such an effect, we show field-induced changes in the SD
in Fig. 3 for W(001) in both thecs2 3 2d-V and cs2 3

2dM5. We see that the field-induced changes in the SDO
for cs2 3 2dM5 are rather small, while the correspondin
changes forcs2 3 2d-V are much more conspicuous, es
pecially near and just aboveEf , where there is a notice-
able drop. For a particular configuration, the field-induce
atomic displacement is small (ø0.01 Å at E ­ 3 VyÅ).
Turning on and off theE field for fixed atomic positions
accounts for most of the changes seen in Fig. 3. After e
amining the electronic structure in detail, we found th
the change in the SDOS is due to the Stark shift of som
surface states (SS) and surface resonances (SR) that ha
large amplitude in the vacuum region. The important poi
to note is that the SS and SR incs2 3 2d-V are much more
sensitive toE field than those incs2 3 2dM5.

To illustrate this point, we focus on onek point: k ­
s0.5, 0d in the cs2 3 2d SBZ. The field-induced changes
in the SDOS [21] for thisk point are shown in Fig. 4. For
both cs2 3 2d-V andcs2 3 2dM5, the states below 1 eV

FIG. 3. Surface density of states for W(001) atE ­ 3 VyÅ
(solid line) for (a) cs2 3 2d-V and (b) cs2 3 2d-M5. Dotted
lines are zero field SDOS. Note the bigger changes in (a).Ef
is set at 0 eV.
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show little change. These are bulk states, and they are
much affected since theE field is efficiently screened. For
cs2 3 2d-V , states such as those labeleda andb experi-
ence significant upward Stark shift. (There are bulk sta
with energy slightly belowb0, and these bulk states are no
affected by theE field.) We found that these are sur
face states with large lumps of their charge density in t
vacuum region. They have large projections ond3z22r2 ,
and are thus sensitive to anE field normal to the surface.
In cs2 3 2dM5, the surface states are in general less se
sitive. For example, the surface state (c) is hardly mov
by an E field. Its charge density is “in plane” and ha
predominatelydx22y2 anddxy character. The unoccupied
surface state labeled (d) hasdxz1yz character, making it
more sensitive to theE field, but it is still less sensitive
than the surface states or resonances incs2 3 2d-V .

As the E field cannot penetrate into the bulk, it is th
surface states/resonances that matter. We see that
surface states and resonances incs2 3 2d-V and cs2 3

2dM5 have rather different characters, leading to differe
behaviors in an externalE field. Since this effect is
electronic in origin, we expect similar behavior for Mo
which is isoelectronic with W. On the other hand, oth
bcc systems like Nb may behave differently. Extendin
our calculations to Mo(001) and Nb(001), we found th
this is indeed the case. We reexamine Fig. 2, which a
shows the surface energy differences betweencs2 3 2d-V
andcs2 3 2dM5 as a function of external field for Mo and
Nb(001). For Mo(001) [22], we found that (i)cs2 3 2d-V
is competitive withcs2 3 2dM5 at zero field, (ii) positive
bias of the surface favorscs2 3 2d-V and negative bias

FIG. 4. SDOS atk ­ s0.5, 0d of the cs2 3 2d SBZ (a) for
cs2 3 2d-V , (b) for cs2 3 2d-M5. Dotted and solid lines are
for E ­ 0 and E ­ 3 VyÅ, respectively. Symbolsa, b, c,
andd (a0, b0, c0, andd0) label surface states when theE field is
on (off).
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favors cs2 3 2dM5; (iii) it is the significant Stark shift
of surface states/resonances nearEf that favorscs2 3 2d-
V over cs2 3 2dM5. We now consider Nb(001), which
behaves differently. We note that (i)ps1 3 1d is stable:
there is nocs2 3 2dM5 reconstruction; (ii)cs2 3 2d-V
is much higher thanps1 3 1d: we do not expect surface
vacancy arrays to be formed easily; (iii) imposition ofE
field does not change the picture: up to a bias of4 VyÅ,
ps1 3 1d remains the ground state. We found that th
surface states and resonances responsible for the fi
response of Mo and W surfaces are actually there, and t
experience similar Stark shifts underE fields. However,
Nb has fewer electrons and thus the SDOS of this group
surface states peaks at an energy higher aboveEf , therefore
the effect is small, far from sufficient to tilt the balanc
as cs2 3 2d-V is too high in energy. Nb thus behave
differently.

In short, an externalE field can have rather interesting
effects on surface morphology. The field induced chang
are by no meansa priori obvious until detailed calcu-
lations reveal the electronic mechanisms at work at t
atomic level. It is particularly interesting and surprisin
that such effects should appear in bcc metals like W a
Mo, where the bulk DOS is rather symmetric aboutEf .
However, the spatial distribution of the surface states a
resonances nearEf can a have strong dependence on su
face morphology, making the roughercs2 3 2d-V configu-
ration much more sensitive to external fields. This may
the first example that shows that the Stark shift of surfa
states can actually change the surface ground state confi
ration. Recognizing such an effect helps us understa
some intriguing properties of W(001), such as its peculi
behavior inside FIM and the formation ofcs2 3 2d surface
alloys without conspicuous chemical bonding.
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