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Shear Displacement of the K(110) Surface
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A low-energy electron diffraction analysis of the clean K(110) surface has been performed at 25 K,
providing a quantitative structural determination of a clean alkali-metal surface. The K(110) surface
exhibits a novel surface phase consisting of a lateral shear displacement between the first two surface
planes while preserving their two-dimensional periodicity. The atomistic description of this surface
structure is related to that of the bulk martensitic phase transitions of the alkali metals.

PACS numbers: 68.35.Bs, 61.14.Hg, 61.55.Fe, 64.70.Kb

General interest in investigations of clean alkali-metal
surfaces is motivated by their utility as experimental
touchstones for theoretical descriptions of metal surface
physics. Studies of these pristine surfaces promise to pro-
vide a basis for developing a fundamental understanding
of the physical phenomena of metal surfaces. However,
detailed structural examinations of these surfaces have
been very limited. Besides a pair of limited low-energy
electron diffraction (LEED) studies of the Na(110) sur-
face [1], there have been no other structural determina-
tions of alkali-metal surfaces. The study of the LEED
spot intensities as functions of the incident electron ener-
gy (LEED I-V profiles) described in this Letter is a de-
tailed, quantitative structural determination of a clean
alkali-metal surface which has surmounted the experi-
mental constraints of high surface reactivity and low De-
bye temperature which have hindered previous studies.

Crystal terminations of close-packed metal surfaces
have been previously found to induce two types of
structural distortions: interplanar relaxations normal to
the surface and lateral reconstructions which alter the
two-dimensional periodicity of the surface. We have
found that the clean K(110) surface exhibits a novel sur-
face structure consisting of a lateral shear displacement
between the first two surface planes while preserving their
(1x1) periodicity. This result is the first example of a
lateral structural distortion of a clean low-index surface
which leaves the two-dimensional periodicity of the sur-
face plane unchanged. This surface shear displacement is
similar to the atomistic description of the bulk martensi-
tic phase transitions of the alkali metals and it pertains to
the physics of the nucleation of these transitions.

Our study of the K(110) surface structure was
motivated by the results of a previous angle-resolved pho-
toemission study of the K(110) valence band [2]. An
anomalously intense surface umklapp peak was observed,
indicating the possible existence of a significant distortion
of the surface structure from bulk termination. However,
the LEED patterns observed from these crystals showed a
(I1x1) bee (110) structure, indicating that the two-
dimensional periodicity of the bce (110) planes is pre-
served. It was proposed that shear displacements might
exist among the first few atomic planes of the K(110)
surface [2]. The proposed surface shear displacement is
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shown schematically in Fig. 1. The surface atoms
(white) are all shifted laterally along the [110] direction,
preserving the two-dimensional periodicity of the bcc
(110) planes. The surface atoms can be thought of as be-
ing displaced from the twofold bridge sites of the underly-
ing layer toward the quasi-threefold hollow sites. Note
that there are two equivalent directions, 180° apart,
along which the shear displacement may occur, resulting
in two directional surface domains with equal probabili-
ties of formation.

Previous LEED I-V profile investigations have conclud-
ed that this type of surface shear displacement does not
exist for the clean bec (110) surfaces of W, Mo, and Fe
(3. However, in a LEED study of the H/W(110) sys-
tem, Chung, Ying, and Estrup [4] observed the loss of a
mirror plane symmetry upon the adsorption of approxi-
mately a one-half monolayer of hydrogen while the two-
dimensional periodicity of the LEED pattern remained
unchanged. This was interpreted as evidence of one
domain of a shear displacement along the [110] direction
among the W(110) surface planes, but no attempt was
made to determine the magnitude of the shear displace-
ment.

In this study of the K(110) surface, single-crystal
K (110) samples were prepared in situ by evaporating po-
tassium from a getter source onto a clean Ni(100) sub-
strate kept at 160 K. The Ni substrate appeared slightly
rippled, indicating the existence of steps. The clean Ni
LEED spots were not split, so the step periodicity was
greater than the coherence length of the incident elec-
trons (~100 A). The potassium films, ~1000 A thick,
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FIG. 1. Schematic of the proposed shear displacement struc-
ture of the K(110) surface. The surface atoms (white) are la-
terally displaced along the [110] direction relative to the bulk.

-©

O
®
O
©)

50
.

-

© 1992 The American Physical Society



VOLUME 68, NUMBER 16

PHYSICAL REVIEW LETTERS

20 APRIL 1992

were annealed to 270 K, then cooled to 25 K for the mea-
surements. LEED patterns from these films showed no
Ni spots and the K spots exhibited the twofold symmetric
pattern of the bcec (110) structure. The lattice mismatch
between the Ni substrate and the potassium is less than
1% along the potassium nearest-neighbor direction. Note
that on a perfect fcc (100) substrate, there should be two
equivalent orientations of bcc (110) layers with their
[1710] directions aligned with the [010] and [001] direc-
tions of the substrate. Our observation of a single orien-
tation of K(110) on the Ni(100) crystal is likely due to
the steps on the Ni surface which break its fourfold sym-
metry and permit only one orientation to begin growing.
Subsequent potassium layers formed epitaxially, produc-
ing the observed structure.

The experiment was performed in an ultrahigh-vacuum
chamber with a base pressure of 2.5%10 ! mbar. Ad-
sorption of contaminants on these K(110) films was
characterized by high-resolution electron-energy-loss
spectroscopy (HREELS) of the vibrational modes of the
adsorbed species. A vibrational peak at 30 meV from
atomic oxygen first appeared after approximately 45 min
in ambient vacuum at 88 K. By exposing to O, this peak
was equated with an exposure of less than 0.01 L of O».
No other vibrational peaks were observed for energy
losses of up to 480 meV. All of the LEED I-V profiles
used in this study were obtained during the first 40 min
after film growth to minimize the effects of contamina-
tion.

To measure the diffraction spot intensities over a
sufficient range of electron kinetic energies, the low De-
bye temperature of bulk potassium (8p =100 K) requires
cooling the K(110) films with a liquid-helium cryostat.
The LEED I-V profiles were measured using reverse-view
LEED optics controlled by a video data-acquisition sys-
tem [5]. With this experimental apparatus and by cool-
ing the K(110) sample to 25 K, the normal incidence I-V
profiles of 38 individual diffraction spots for the electron
kinetic energy range 30 to 230 eV were measured. The
I-V profiles did not show any evidence (loss of a mirror
plane symmetry) of the dominance of one directional
domain of sheared structure. Therefore, the measured
profiles of symmetrically equivalent spots were averaged
to produce twelve profiles which were compared to calcu-
lations. This averaging of equivalent spot intensities im-
proved the signal-to-noise ratio and reduced the effects of
any small misalignments of the sample to normal in-
cidence [6].

The atomic structure of the K(110) surface was deter-
mined by comparing the twelve experimental I-V profiles
with the results of dynamical LEED calculations for vari-
ous structural models. The agreement between the exper-
imental and calculated profiles was expressed in terms of
the R reliability factor [7], which for perfect agreement
equals zero. Thus, our structural determination of the
K(110) surface is that specifically assumed structure
which leads to the best agreement (smallest R, value) be-

tween the experimental and calculated profiles.

The calculated LEED I-V profiles were obtained using
a dynamical multiple-scattering description of the elec-
tron scattering using computer codes based on the giant
matrix inversion technique [8]. For each of the structural
models investigated, the calculations were performed to
full convergence using a sum of spatial lattice points
within a circle of 50 A for each atomic layer, eight atom-
ic layers, and sixteen phase shifts at an incident electron
energy of 220 eV.

In the structural models investigated, we considered
shear displacements along the [110] direction among the
first three atomic planes of up to 0.8 A, shear displace-
ments along the [001] direction among the first two
planes of up to 0.3 A, and the interlayer relaxations nor-
mal to the surface among the first four atomic planes of
up to + 10% of the bulk value of 3.72 A. Because of the
observed symmetry in LEED, we only considered equal
amounts of the directional domains of sheared structure.

Besides the structural parameters, the models included
the customary nonstructural parameters: the scattering
potential, the real and imaginary components of the opti-
cal potential, and the isotropic surface and bulk Debye
temperatures. The nonstructural parameters were varied
to determine the optimal values to use with the K(110)
data. Variations of these parameters did not appreciably
affect the values for the structural parameters.

Figure 2 shows the variation of the total R, value
versus As|,, the magnitude of the shear displacement be-
tween the first and second atomic K(110) planes. There
is a clear and reasonably deep minimum of R;=0.0411
for a shear displacement of As;;=0.23 A. This R,
minimum is on a par with that of other successful LEED
studies of monatomic metal surfaces. With no shear dis-
placements included, the minimum value of R, reached
was 25% higher than at the ultimate minimum. The
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FIG. 2. Total R, value vs the magnitude of the shear dis-
placement Asj; be_t_ween the first and second K(110) surface
planes along the [110] direction.
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TABLE I. Structural parameters for the optimum structure.
The As;; values correspond to shear displacements along the
(1701 direction between adjacent layers. Negative values of the
intraplanar relaxations Ad;; correspond to contractions between
adjacent surface planes.

As12=0.23+0.04 A
As23=0.02+0.06 A

Ad)2=(—0.7%£0.3)%
Ady=(—0.7%04)%
Ad3y=(—0.5%£0.6)%

shear displacement structure is further supported by the
fact that the R, values for each of the twelve individual
profiles were reduced by including the shear displace-
ment. The average of the shear displacements which
minimized the individual R, values was 0.27 +0.07 A.
Such consistency in the minima of the individual R,
values provides strong support for a shear displacement of
the order of 0.2 A on the K(110) surface.

Four measured profiles are shown in Fig. 3 with the
corresponding calculated profiles for the optimum struc-
ture which produced the minimum value of R,. The cal-
culated /-V profiles of Fig. 3 correspond to a model sur-
face structure with equal amounts of the two directional
domains sheared in opposite directions. For each domain,
the shear displacement between the first and second lay-
ers is As;2=0.23 +0.04 A along [110], with a nearly zero
shear in the same direction between the second and third
layers. This value of As|; corresponds to 25% of the dis-
tance from the twofold bridge site to the quasi-threefold
hollow site. The optimum structure also contains small
interlayer relaxations normal to the surface among the
first four atomic planes. Table I contains the structural
parameters of the optimum structure. Investigations of
deeper displacements or relaxations were prevented by
the loss of sensitivity due to the short mean free path of
the incident electrons. However, such deviations are ex-
pected to be quite small. The errors cited in Table I are
based on judgements which take into account variations
of R; as the model parameters were adjusted.

At various stages of the iterative process which led to
the final values of the model parameters, the possibility of
a shear displacement along the [001] direction was con-
sidered. Within the uncertainty of the LEED analysis, no
evidence was found for a component of the shear dis-
placement along this direction. Thus, the consideration
of a shear displacement along the [001] direction has pro-
vided more confidence that the reduction of the total R,
value is significant, and that the large shear displacement
along the [110] direction is physically sound.

An analogy for this new surface phase can be drawn
from the bulk martensitic phase transitions of the alkali
metals. The light alkalis transform from the bcc struc-
ture to the 9R structure when cooled below their transi-
tion temperatures (75 K for Li, 35 K for Na) [9]. These
transitions have been attributed to the larger vibrational
entropy of the bcc phase which stabilizes it at higher tem-
peratures [10]. The heavy alkalis transform from the bcc
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FIG. 3. Measured LEED [-V profiles (solid lines) for four
sets of diffraction spots and their corresponding calculated
profiles (dashed lines) for the optimum structure. The labeling
convention is such that the (n7) LEED beams are along the

[170] direction and the (nn) beams are along the [001] direc-
tion.

to the fcc structure when pressurized above their transi-
tion pressures (114 kbar for K, 70 kbar for Rb, 23 kbar
for Cs) [11]. The driving forces of these transitions are
less clear because they are dependent on the small energy
differences at zero temperature between the various
structures. But optical reflectivity measurements have
found that these transitions are correlated with pressure-
induced enhancements of the hybridization of the occu-
pied s bands with the unoccupied & bands [11,12].

Although they originate from different physical pro-
cesses, the atomistic motion descriptions of the bcc-to-9R
transitions and the bcc-to-fec transitions are quite simi-
lar. Both transitions can be described by shear displace-
ments of the bec (110) planes along the [110] direction
combined with intraplanar relaxations which change
these planes into hexagonal-close-packed planes. The
shear displacement of the surface K(110) plane detected
in this work is analogous to these shear displacements of
the bulk bec (110) planes.

Although bulk potassium is not seen to transform for
temperatures down to 5 K [9], Wilson and de Podesta
have proposed that many of the low-temperature struc-
tural and electronic anomalies observed in potassium
[13-15] may be due to formation of the martensitic phase
in regions of the bulk under strain due to lattice defects
[16]. The planar free surface of the K(110) crystal may
provide the necessary defect strain fields or other changes
of the free energy to nucleate the martensitic phase at the
surface for conditions for which the bulk does not yet
transform [17,18]. Such considerations led Clapp [17] in
1973 to suggest using LEED to detect the existence of
martensitic precursors at crystal surfaces. The observa-
tion of the shear displacement of the K(110) surface has
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relevance in determining the role of surfaces, grain
boundaries, and defects in the nucleation of martensitic
phases and in determining the important contributions to
the free energy in driving these transitions.

In conclusion, a detailed LEED I-V profile analysis has
successfully determined that the clean K(110) surface ex-
hibits a shear displacement structure. This surface shear
displacement exhibits an atomistic similarity to the bulk
martensitic phase transitions of the alkali metals. Future
examinations of the clean K(110) surface using surface
ion scattering at low temperatures would be most wel-
come as further proof of the shear displacement struc-
ture.
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FIG. 1. Schematic of the proposed shear displacement struc-
ture of the K(110) surface. The surface atoms (white) are la-
terally displaced along the [110] direction relative to the bulk.
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