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Ab initio calculation of the phonon dispersion in bulk InP and in the InP(110) surface
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An ab initio linear-response approach based on the density-functional theory has been used to
investigate the dynamics of bulk IuP and of the IuP(110) surface. The plane-wave pseudopotential
method together vrith the slab supercell description for the surface have been employed in order to
determine the complete bulk phonou spectrum, the atomic geometry of the IuP(110) surface, and
the surface phonon dispersion in a consistent formalism. The calculated structural and dynamical
properties of both the bulk and the surface compare very well vrith all available experimental data.
Furthermore, we examine the inHuence of the structural details of InP(110) on the surface vibrational
features. Our ab initio results indicate the fingerprints of the relaxation geometry in the surface
phonon dispersion.

I. INTR.ODU CTION

Density-functional calculations based on the linear-
response formalism proposed by Baroni, Giannozzi, and
Testa have proven to be a very efEcient method for de-
termining the lattice dynamics in elemental and com-
pound semiconductors. The calculated phonon disper-
sion curves compare very well with the spectra obtained
from inelastic neutron difFraction and Raman scattering.
A recent application of ab initio linear-response theory
to GaAs(110) has shown that also for the surface of a
binary semiconductor, the atomic equilibrium positions
and the vibrations can be determined within the same
formalism, completely consistent with the calculation of
the structural and dynamical bulk properties without in-
troducing any adjustable parameters or modifications.
The agreement of the calculated surface phonon disper-
sion with all available experimental data from inelastic
scattering of He atoms ' and high-resolution electron-
energy-loss spectroscopy (HREELS) is comparable to
the accuracy of the ab initio results for the bulk phonon
spectra. Among all previous theoretical investigations
on bulk InP and InP(110), first-principles calculations
have been devoted only to the determination of the zone
boundary frequencies of the longitudinal bulk phonons
at the X point within the frozen-phonon approach and
to the examination of the atomic geometry and the elec-
tronic states of the (110) surface. 's In the present paper,
we have used the density-functional perturbation theory
(DFPT) of Baroni and co-workersi 2 in the extension of
Ref. 3, in order to perform an ab initio calculation of
the complete vibrational spectra for bulk InP and for the
InP(110) surface. An application of DFPT to the study
of the structure and phase stability of Ga Inq P solid
solutions was presented in Ref. 10.

The bulk phonon dispersion of InP has been measured
with high precision by inelastic neutron scattering
and by Raman spectroscopy. ' With the exception of
Ref. 7, most of the previous theoretical investigations
on the lattice vibrations in InP are based on model

calculations, the results being characterized by an
underestimation of the frequency of the LA phonon near
the I point and by diferent predictions for the disper-
sion of the optical phonons in the Z direction. The
frozen-phonon calculation of Wang, Gu, and Li un-
derestimates the experimentally observed frequencies for
InP by about 10%. Lately, HREELS has been used by
Nienhaus and Monch, in order to measure the surface
phonon dispersion in InP(110) along the high-symmetry
directions parallel and perpendicular to the surface In-
P chains. Beside the tight-binding molecular dynamics
simulations of Schenter and LaFemina, to our knowl-
edge the only calculations of the phonon dynamics in
InP(110) up to now have been done by Das and Allen
using a simple force-constant model and by Wang and
Duke using a tight-binding model. Hence, there is cer-
tainly need for further theoretical investigations based on
ab initio calculations.

The surface geometry of InP(110) has been investi-
gated by low-energy electron di8'raction (LEED), x-
ray standing-wave (XSW) ineasurements, and by the
combination of the XSW method with extended x-ray-
absorption fine structure (EXAFS). Very recently, the
structure of InP(110) has been examined with the help
of polarization-dependent photoemission EXAFS and
by low-energy positron diÃraction. The relaxation of
InP(110) is very similar to the atomic structure of the
(110) surfaces of most of the III-V compounds. s'2s'2s It
is characterized by an inward relaxation of the group-III
surface atoms, while the group-V first-layer atoms are
shifted above the surface. This leads to a nearly bond-
length-conserving rotation of the surface chains by a tilt
angle of about 25 —30 depending on the particular com-
pound. The driving mechanism of the atomic rearrange-
ment arises from the fact that the first-layer anions prefer
a p-bonding configuration with their group-III neighbors,
which lowers the energy of the occupied dangling bonds
at the surface, while the first-layer cations prefer to be sit-
uated in a more 8p -like bonding configuration with their
group-V neighbors, which increases the energy of the un-
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occupied surface dangling bonds. In order to achieve a
correct description of the surface vibrations, it is neces-
sary to determine self-consistently the atomic equilibrium
positions, the electronic structure of the relaxed surface,
and the charge redistribution related to atomic displace-
ments.

In the present paper we report the results of our a6
initio calculations for the bulk phonon dispersion of InP
as well as for the structural and. vibrational proper-
ties of the InP(110) surface. A brief summary of the
details of the plane-wave density-functional perturba-
tion scheme, which is the basis of all of our calcula-
tions, is given in Sec. II. In Sec. III, we show our re-
sults for the bulk phonon dispersion of InP. We com-
pare the phonon dispersion with previous theoretical in-
vestigations and experimental data from inelastic neu-
tron diffraction and Raman spectroscopy. The calcu-
lated structural and dynamical properties of InP(110)
are presented in Sec. IV including a comparison with the
results from various experiments ' and theoreti-
cal investigations. ' ' The subsequent discussion of the
most prominent surface-localized modes in Sec. V is fo-
cused on the dependence of the surface vibrations on the
atomic structure of InP(110).

II. THROB.ETICAL FB.AMEWOB. K

Our calculations are carried out within the density-
functional theory together with the local-density
approximation. ' For the exchange-correlation poten-
tial we use the form of Ceperley and Alder in the
parametrization of Perdew and Zunger. To describe the
electron-ion interaction, we use the norm-conserving non-
local pseudopotentials already applied in Ref. 10. The
electronic wave functions are expanded in plane waves
up to a maximal cutoff energy of 16 Ry for the bulk and
10 Ry for the surface calculations. In order to check the
reliability of our results, further calculations have been
performed on the basis of additionally constructed pseu-
dopotentials for indium and phosphorus.

The bulk is described in the zinc-blende symmetry. To
extend the plane-wave formalism to the (110) surface of a
III-V semiconductor, we introduce periodically repeated
thin crystal Alms fixing the lattice constant at the the-
oretical value determined for the bulk. Each slab spans
nine atomic layers, two neighboring slabs are separated
by a vacuum spacing which is equal to three removed
atomic (110) layers. Such a distance between two neigh-
boring slabs turned out to be large enough, as the elec-
tronic band structure remained unaffected irrespective of
an increase in the size of the vacuum region. Further ev-
idence is provided by a phonon calculation performed for
GaAs(110), which has shown no dispersion perpendicu-
lar to the slabs. The number of atomic layers per crys-
tal film guarantees that also the surfaces bordering one
slab are sufFiciently decoupled. For the k-point sampling,
we use ten special points in the irreducible wedge of the
Brillouin zone of the zinc-blende structure and six. spe-
cial points in the irreducible part of the surface Brillouin
zone for the repeated slab configuration.

The bulk lattice constant a0 has been determined by
fitting the Murnaghan equation of state' to a discrete
set of total energies E(a) calculated for various values of
the lattice parameter Q. The atomic ground-state con-
figuration of InP(110) is found by minimizing the total
energy with the help of the Hellmann-Feynman forces
starting the atomic relaxation from a configuration de-
rived from the equilibrium geometry of the GaAs(110)
surface. Each atom was allowed to move. The trans-
lational degrees of freedom are suppressed by Axing the
center of mass of the two central layer atoms in the slab
supercell at the corresponding bulk position. The equilib-
rium positions are defined with a numerical uncertainty
of less than 0.01 A. when all forces are smaller than O. l
mRy/a. u.

The phonon dispersion of the bulk has been determined
by means of the DFPT of Baroni and co-workers. ' The
details of our calculation are exactly the same as those
described in Ref. 2. Within the DFPT, the second-order
derivatives of the total energy such as the dynamical ma-
trices are calculated from the static linear response of the
electrons to the variation of the external potential cor-
responding to periodic displacements of the atoms. The
response of the electrons is calculated iteratively, until
self-consistency is achieved between the variation of the
charge density and the screened perturbing potential. In
order to determine the complete bulk phonon dispersion
of InP, we calculate the dynamical matrices at a grid
of eight uniformly distributed points corresponding to a
(444) mesh for the zinc-blende structure. The dynam-
ical matrices at arbitrary wave vectors can be evaluated
with the help of a Fourier deconvolution on this mesh.

For a proper description of the force constants at
the surface, it is important to treat self-consistently the
charge redistribution induced by a lattice distortion tak-
ing fully into account the presence of the surface with
its particular atomic and electronic properties. This is
accomplished by applying the DFPT also to the periodic
configuration of the fully relaxed nine-layer slabs. We
calculate the dynamical matrices of the thin crystal films
at four points in the I'X and three points in the I'X'
direction of the surface Brillouin zone.

III. BULK PHQNON SPECTB.UM

All of the results presented in this and in the following
section have been obtained by using the same pseudopo-
tentials as in Ref. 10. We have determined the bulk lat-
tice constant a0 for various cutoff energies. At 16 Ry, we
obtain n0 ——5.805 A in good agreement with aa ——5.870
A measured at 16 C. As the lattice constant has been
calculated at T = 0 neglecting the effects of the zero-
point motion, our result should be compared with the
corresponding value of ao ——5.858 A. estimated from the
extrapolation of the experimental data given in Ref. 38 to
zero temperature. The remaining slight underestimation
by about 1%%ua is typical for LDA calculations. Our lattice
parameter is somewhat higher than obtained from pre-
vious calculations. This discrepancy of the theoretical
results can be attributed to the different pseudopoten-
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tials used in Ref. 9.
Already at 10 Ry sufhcient accuracy is achieved in the

calculated values for the lattice constant, the bulk mod-
ulus, and also the bulk phonon frequencies. This is es-
sential for our surface calculations, which have been ac-
complished by using plane waves up to 10 Ry for the
expansion of the electronic states. As can be seen from
Table I, no significant changes occur for an increase in the
cutoff energy up to 16 Ry for which all of the bulk proper-
ties are converged. With the exception of the transverse
optic branches, the changes in the frequencies are negli-
gible. The transverse optic phonon branches are shifted
slightly upwards by about 0.1—0.2 THz without any sig-
nificant variation of the dispersion increasing the cutoff
energy from 10 to 16 Ry.

The temperature dependence of the phonon energies
can be estimated &om the variation of the I' point fre-
quencies in Raman spectroscopy performed at 4 and 300
K. ' At room temperature, the optic I' point phonons
are shifted downwards by about 0.15 THz with respect
to low temperatures. For a comparison of the scatter-
ing data mainly obtained from inelastic neutron diffrac-
tion at room temperature we should bear this in mind.
Figure 1 summarizes our results for the phonon dis-
persion curves along various directions of high and low
symmetry together with the neutron-scattering data of
Borcherds et al. and the frequencies determined in Ra-
man spectroscopy. The calculated phonon frequencies
compare very well with the experimental data measured
along the L, Z, and A direction. In the other direc-
tions, for which no experimental data are available, our
parameter-&ee ab initio calculation provides reliable pre-
dictions for the phonon dispersion curves.

Because of the large mass mismatch between indium
and phosphorus, the optic branches are very fIat. As a
result not only the acoustical and optical phonons are
separated by a gap (from 5.62 to 9.15 THz) but also the
transverse optic and longitudinal optic phonon branches
(from 9.81 to 10.02 THz), as can be seen from the dis-
persion curves and from the density of state shown in
Fig. 2. While the model calculations of Refs. 14 and 15
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predict two gaps in accordance to our findings, the phe-
nomenological parameter model of Kagaya and Soma
suggests a completely different dispersion in the optic
region with significant deviations from the measured fre-
quencies. The existence of a gap in the bulk band struc-
ture is interesting, especially if the formation of a surface
will lead to a phonon band lying in the gap region. Such
an additionally appearing branch could be identified un-

ambiguously as the band of a surface-localized phonon.
Like in Refs. 14 and 15 the flatness of the transverse
acoustic branches is well reproduced in our calculation.
For the optic phonon dispersion in the (110) direction,
only small differences occur between our predictions and
those of the model calculations. However, the frequencies
of the longitudinal acoustic zone boundary phonons are
underestimated to a larger extent in Refs. 14 and 15 as
well as by the first-principles frozen-phonon approach of
Wang, Gu, and Li.

As the parameters of the model calculations are opti-
mized, in order to reproduce only the bulk phonon spec-
tra, further assumptions and adjustments would be nec-
essary for a proper description of the variation of the
force constants at a surface, due to the relaxation and
the electronic charge redistribution. Within the density-
functional linear-response approach, however, the static
and dynamical properties of a semiconductor surface can
be obtained in one consistent formalism together with the
bulk phonons without introducing any modifications.

FIG. 1. Phonon dispersion of InP calculated with a cutoff
energy of 16 Ry in comparison with the neutron-diffraction
data of Ref. 11 (diamonds) and the results of the Raman
experiment of Ref. 13 (triangles).

TABLE I. Lattice constant ao (in A), bulk modulus Bo (in
Kbar), and optic phonon frequencies (in THz) calculated at
10 and 16 Ry in comparison with experimental results from
x-ray diffraction, coherent inelastic neutron scattering, and
from Raman scattering. The experimental data are taken
from Refs. 11, 13, and 38. The theoretical values correspond
to zero temperature. Experimental data obtained at room
temperature are indicated by (RT).

IV. THE InP(110) SURFACE

In order to find the atomic ground-state geometry, we
minimize the total energy with the help of the Hellmann-

ap
Bp

r
,.(r)

v (X)
v„o(X)
v (I )
v (L)

10 Ry
5.822
711
9.34

10.59
9.65

10.00
9.45

10.14

16 Ry
5.805
736
9.52

10.61
9.73

10.02
9.58

10.15

Exp.
5.870 (RT)
71o (RT)
9.24 (4 K)

10.48 (4 K)
9.7O (RT)
9.95 (RT)
9.50 (RT)

1o.23 (RT)

c5

CO

O
Ct

0
I

4 6
FREQUENCY (THz}

10 12

FIG. 2. One phonon density of state in InP calculated at
16 Ry.
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TABLE II. Surface relaxation of InP(110) in comparison with previous pseudopotential calcu-
lations (Refs. 8 and 9) and with experimental data from low-energy positron diffraction (Ref. 27)
and LEED (Refs. 21—23 and 27). The structural parameters Ai ~, Ai ~~, E2,i, dig, l d12, [[y and cu

are defined in Fig. 3.

d i,~ (A)
, i (A)

E2 ~ (A)
&i2, ~ (~)
d„

t~ (A)
~ («g)

Present

0.636
4.602
0.106
1.548
3.321
27.5

Umerski
and Strivastava

Ref. 8

0.60

0.079
1.511

27.1

Alves
et al.

Ref. 9

0.670
4.517
0.117
1.435
3.216
30.1

0.077 0.055

24.3 32.0

Chen
et al.

Ref. 27

0.605 0.752

Ford
et al.

Ref. 21

31.1

Duke
et al.

Ref. 22

0.730
4.598
0.140
1.549
3.382
29.9

Meyer
et al.

Ref. 23

0.690
4.691
0.068
1.411
3.450
30.4

Feynman forces. The positions of all of the atoms in the
slab are varied by means of a modified Broyden scheme
until all forces are smaller than 0.1 mRy/a. u. At this
stage the theoretically determined equilibrium positions
are defined with a numerical accuracy of +0.01 A. . The
central-layer atoms, which also were allowed to relax, re-
main in their bulk positions. Table II summarizes our
results for the surface relaxation including a comparison
with the data obtained from the pseudopotential calcu-
lations of Refs. 8 and 9) from LEED experiments
and low-energy positron difI'raction. The structural pa-
rameters are defined in Fig. 3.

The first-layer anions are lifted above the surface by
0.211 A. , while the uppermost In ions are shifted below
the surface by 0.425 A. In good accordance with recent
results from LEED measurements, ' EXAFS studies,
and low-energy positron difI'raction, " the variation in the
bond lengths is very small compared to the atomic dis-
placements. Therefore, the surface relaxation essentially
consists in a nearly bond-length-conserving rotation of
the surface chains leading to a buckling angle of about
27.5 and a slight counter-rotation in the second layer by
about 4.1, in good agreement with the ab initio results of
Umerski and Srivastava. In their equilibrium positions,
the first-layer anions are situated in a pyramidal configu-
ration, while the surface cations are bonded to their near-
est neighbors in a nearly planar Sp con6.guration. This
has a strong infj.uence on the force constants at the sur-
face. The appearance of surface-localized modes that are
closely related to this relaxation should be an indication
of the atomic geometry. The frequency of such phonon
modes could give an estimation for the magnitude of the
tilt angle. (See the discussion in the subsequent section. )

The surface phonon calculation has been accomplished
by calculating the dynamical matrices of a periodic con-
figuration of fully relaxed nine-layer slabs with the help
of the DFPT. We find that the force constants of the
two outermost layers in the thin crystal films are signifi-
cantly difI'erent from the corresponding bulk values, while
the central layers are bulklike.

In order to identify resonances and deeply penetrat-
ing surface states, we construct the dynamical matrices
of larger slabs comprising 25 atomic layers. The force
constants in the surface regions of the large crystal films
are assumed to be the same as the respective force con-
stants in the nine-layer slabs. For the inner region of the

large crystal films, we simply use the bulk force constants
without any modifications. We construct four dynamical
matrices in the I'X direction and three dynamical matri-
ces in the I'X' direction. The full dispersion parallel and
perpendicular to the surface chains has been obtained
by means of a one-dimensional Fourier deconvolution of
these matrices.

Figure 4 summarizes our results including a compar-
ison with the experimental data of the HREELS analy-
sis of Nienhaus and Monch. As already mentioned in
Sec. III, there are two gaps in the surface-projected bulk
band structure, which is represented by the shaded ar-
eas. In the following part we describe, in ascending order
of the energy, the surface-localized features identified in
our theoretical investigations. In order to compare our
results with the experimental data of Ref. 18, we specify
the energies of the surface vibrations in meV in contrast
with the bulk phonon frequencies, which are usually given
in THz (1 THz = 4.141 meV).

The lowest modes in both directions are similar to
those found for GaAs(110). In the I'A direction the
two acoustic phonon branches, which are also resolved

" (110)

(001)

FIG. 3. Relaxation of the InP(110) surface illustrated by a
side view of the erst three layers. The relaxation parameters
refer to Table II.
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FIG. 4. Dispersion of the localized phonon modes in the
relaxed InP(110) surface (solid lines) calculated at a cutoff en-

ergy of 10 Ry in comparison with the results of the HREELS
measurements of Ref. 18 (squares). The shaded areas rep-
resent the surface projected bulk band structure. The inset
illustrates the irreducible wedge of the surface Brillouin zone.

Second acoustic mode at the X point
~ ~ ~ ~

b

~ p

in the HREELS measurements, " are the Rayleigh wave

(RW), which is characterized by in phase displacements
in the (110) direction near the I' point, and a second
mode with pure shear horizontal polarization for small
wave vectors. A~ the X point the RW turns into a vibra-
tion of the erst-layer anions and the second-layer cations
perpendicular to the chain direction with larger compo-
nents normal to the surface and a zone boundary energy
of 7.90 meV. Figure 5 illustrates that the second acoustic
phonon is complementary to the RW. Approaching the X
point with an energy of 8.14 meV, it is characterized by
a motion of the surface In atoms and the second-layer P
atoms mainly normal to the (110) plane, while the anions
of the first layer vibrate in the chain direction.

Following the dispersion perpendicular to the surface
chains (in the II direction), we observe three acoustic
surface-localized phonons with the zone boundary ener-
gies of 5.56, 5.82, and 7.15 meV. In the I'X' direction,
no reduction of the symmetry occurs with respect to the
I' point, so that the slab Inodes are strictly separated in
shear horizontal (SH) modes polarized only in the chain
direction and sagittally polarized modes with nonvanish-
ing displacements only in the plane defined by the direc-
tion of the wave vector and the surface normal. The inter-
mediate acoustic phonon (5.82 meV) is a pure SH mode,
while the other two branches are related to atomic mo-
tions perpendicular to the surface chains. At the I" point,
the R% starts with a displacement pattern normal to the
surface, changing its character in the near of the zone
boundary to a vibration of the top-layer atoms mainly
parallel to the surface and the second-layer atoms per-
pendicular to the (110) plane. The third acoustic phonon
mode exhibits a complementary displacement pattern, as
can be seen from Fig. 6. In contrast with GaAs(110), we
can resolve the dispersion of this branch for the InP(110)
surface only in the vicinity of the X' point, as the mode
strongly mixes with bulk states.

Starting from the I' point in both directions, we ob-

~ - ~ - 4 - - ~ - - ~

8.143 mev (001)
0 In

Rayleigh wave at the X' point
~ ~ ~ ~ ~

(a).

(001)

Third acoustic mode at the X' point
~ I ~ ~ ~

0 p

~ ~

7.154 meV (001)

0 In

FIG. 6. Same as Fig. 5 but for the eigenvectors of the
Rayleigh wave (a) and the third acoustic surface phonon (b)
at the X' point.

FIG. 5. Displacement pattern of the Rayleigh wave (a) and
the second acoustic surface phonon (b) at the X point in a side
view of the first five layers. The indium atoms are presented
by open circles; closed circles refer to the phosphorus atoms.
The directions (110) and (001) correspond to Fig. 3. Atomic
displacements in the chain direction are depicted by arrows
with a kink.
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serve the Hat branch of a phonon mode at about 9 meV
with atomic displacements in the outermost three layers
parallel to the surface chains. Near the zone center we
can identify a second mode in the same energy range,
which is characterized by a rocking motion of the atoms
in the surface region penetrating deeply into the crystal
film. This mode may have the interpretation of the dy-
namical version of the surface relaxation. The rocking
mode compares to the bond-length-conserving rotations
of the top-layer atoms predicted by the tight-binding cal-
culation of Wang and Duke for InP(110) at 7.8 meV
and for the (110) surfaces of many other zinc-blende-
compound semiconductors in the range 5—14 meV. A sim-
ilar feature occurs also in GaAs(110). This mode has
been expected to couple only weakly to the atomic mo-
tions in the deeper layers. In Ref. 3, however, we have
pointed out that we could not identify any well defined
surface state, which would explain entirely the Ai mode
of the He-scattering experiment of Harten and Toennies.
Also in the case of InP(110), we find that the rocking
mode strongly mixes with bulk states and cannot be re-
solved throughout the surface Brillouin zone.

In the energy range between 11 and 14 meV two fur-
ther modes appear, which can be related to the surface
vibrations in GaAs(110). At the X point, the mode at
13.58 meV shows a displacement pattern, which is very
similar to that of the mode denoted as A2 in the case of
GaAs(110). It is characterized by a motion of the first-
layer anions in the plane defined by the topmost anions
and their nearest neighbors in the surface layer, while the
topmost cations vibrate in the chain direction. The eigen-
vector of the 11.55-meV feature at the X' point shows a
similar behavior in the atomic motion of the anions but
it is diferent with respect to the displacements of the
cations (Fig. 8). Below the upper edge of the projected
acoustic bulk phonon dispersion, we can identify some
resonances in the regions indicated by the two short lines
between the I and the X point and the I' and the X'
point, respectively.

The probably most significant phonons of the InP(110)
surface are placed in the gap between the acoustic and
optic bulk bands. The vibrational feature measured at
about 33 meV is' related to a pair of localized modes,
which can be extracted from our results in the same
energy range, in very good agreement with the exper-
iment. Also the simple two parameter force-constant
model of Das and Allen predicts two surface-localized
states in the gap, although at about 23 and 29 meV.
In the tight-binding molecular dynamics simulations of
Schenter and LaFemina two gap modes are seen at 26.7
and 28.1 meV. The eigenvectors of our calculation, rep-
resentatively shown for the displacements at the I' point
in Fig. 7, are dominated by a vibration of the first-layer
anions. Some similarities of the mode at 33.90 meV to
the phonon at 23 rneV in GaAs(110) (Refs. 3 and 6)
can be recognized. In GaAs(110), however, the vibration
is not restricted to solely the first-layer anions. There-
fore and because of the large mass ratio between In and.

P, a direct comparison is not possible. This is also the
case for the spectral region of the transverse optical bulk
phonons, where a large variety of modes localized in the

Lower gap mode at the I point
~ ~ ~ ~ ~

(a)

0 0

~ ~

31.987 meV (001)

Upper gap mode at the I point
~ ~ ~ ~ ~

D '

e o

~ 0

~ - - ~

33.901 meV

FIG. 7. Same as Fig. 5 but for the eigenvectors of the gap
modes at the I' point corresponding to the experimentally
determined feature at about 33 meV.

first three layers appears in accordance to our results for
GaAs(110).

A characteristic feature prominent in InP(110) as well
as in GaAs(110) is the surface optical phonon mode situ-
ated above the bulk bands. The zone boundary energies
are 44.60 meV at the X point and 44.75 meV at the X'
point, respectively. Approaching the I' point, it touches
the continuum with an energy of 43.76 meV. For the I'X'
direction, we observe a small LO-TO splitting between
the two individual states of the pair related to the surface
phonon. Near the zone center the higher mode becomes
macroscopic and matches the Fuchs-Kliewer phonon at
the bulk phonon edge with an energy of 43.86 meV. The
eigenvector of this high-frequency surface optical phonon
mode, which is characteristic also for GaAs(110), ' ' is
shown in Fig. 8. It is dominated by a motion of the
second-layer P ions perpendicular to the chain direction
nearly parallel to the (110) plane. In GaAs the character
of this mode has been determined to be a predominantly
back-bond-like vibration of the first-layer cations against
the second-layer anions.

The HREELS experiment of Nienhaus and Monch re-
solves the Fuchs-Kliewer phonon at an energy of about
42.3 meV. As the measurements have been performed
at room temperature, we have to take into account, as
pointed out in Sec. III, that an increase in the tempera-
ture from 4 K to 300 K lowers the frequency of the optical
zone center phonons of the bulk by about 0.15 THz (- 0.6
meV). By using v (300 K) = 10.34 THz and v (300
K) = 9.10 THz for the I' point frequencies and s = 9.61
for the dielectric constant (Ref. 38), we obtain vF„(300
K) = 10.23 THz (= 42.4 meV) for the frequency of the
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Stomach gap mode at the X' point
~ - - - - ~ - - — — ~

(a);

(001)

Surface optical mode at the X' point
~ I ~ ~

(b)

(001)

In

Fuchs-Kliewer phonon, in good agreement with the data
from HREEI, S "4"'

V. DISCUSSIC)N

FIG. 8. Same as Fig. 5 but for the eigenvectors of the stom-
ach gap mode at 11.549 meV (a) and the high-frequency sur-
face optic phonon (b) at the A' point.

originating in the transverse acoustic and the optic bulk
bands.

For the determination of the structural and dynami-
cal properties of the InP(110) surface, we have used the
periodic slab configuration of Sec. IV fixing the lattice
constant for the 9-Ry calculation, at 5.800 A. The re-
laxation parameters obtained &om the potentials PP2
agree very well with the results presented in Sec. IV.
Only small difI'erences occur in the buckling angle and
the other quantities defined in Fig. 3. In the 9-Ry calcu-
lation, we find u = 29.1' for the surface tilt angle, which
is about 1.5 larger compared to u = 27.5 determined
with the previously used pseudopotentials at 10 Ry. The
small differences can be used to analyze the dependence
of the surface phonon modes on the microscopic structure
of InP(110). Therefore, we have repeated the phonon cal-
culation at the I', X, and X' point of the surface Brillouin
zone of a fully relaxed periodic slab configuration.

The surface-localized phonon modes identified in this
calculation are depicted as open circles in Fig. 9. The
frequencies and also the eigenvectors compare very well

with our results obtained in Sec. IV using the poten-
tials PP1. Only small changes have to be 6.gured out.
Most of the surface-localized features are about 0.4 meV
(= 0.1 THz) lower in energy in accordance with the be-
havior found for the transverse acoustical and the optic
bulk phonons. For the branches at 11—14 meV, however,
both calculations yield nearly the same frequencies in
agreement with the endings for the longitudinal acous-
tic bulk phonon band. Therefore, we conclude that the
Hat branches placed between 11 and 14 meV originate in
the longitudinal acoustic bulk phonons, while the other
surface phonon bands below 11 meV are related to the
transverse acoustic bulk bands.

In this section we focus on the dependence of the most
prominent surface-localized phonon modes on the struc-
tural particularities of InP(110). In order to check the
reliability of our results presented in Secs. III and IV ob-
tained with the pseudopotentials of Ref. 10 (PP1), we
have performed further calculations by using addition-
ally constructed pseudopotentials (PP2), s4 as for which
a cutoK energy of 9 Ry turned out to be sufBciently large
to achieve convergency. The comparison of the results
obtained from both sets of potentials gives. an estima-
tion for the degree of convergence and accuracy of our
calculations. Beside the phonon calculation for the bulk
and the relaxed surface at high-symmetry points, we have
investigated the dynamics of the ideal, unreconstructed
surface.

The 9 Ry (PP2) calculation essentially reproduces our
results for the bulk obtained with the previously used
pseudopotentials PP1. For the lattice constant we ob-
tain ao ——5.800 A. , which compares very well with the
results of Sec. III. In contrast with the longitudinal acous-
tic phonons, for which the difFerences are negligible, we
note that the frequencies of the transverse acoustic and
of the optic phonons are about 0.05—0.10 THz lower in
frequency with respect to the 10 Ry (PP1) calculation.
The same behavior is expected for the surface vibrations

- l2

NrI-

X'
0

FIG. 9. Surface phonon dispersion of InP(110) calculated
with the pseudopotentials PPl and a cutofF energy of 10 Ry
(solid lines) in comparison. with the results obtained from the
additionally constructed pseudopotentials PP2 and a cutofF
energy of 9 Ry (dots and diamonds). The dots refer to the
results for the relapsed surface, diamonds indicate the most sig-
ni6cant changes occurring at the ideal surface. The shaded ar-
eas represent the surface-projected bulk band structure. The
inset illustrates the irreducible wedge of the surface Brillouin
zone.
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Due to the displacernent pattern depicted in Fig. 7, one
may expect that the two gap modes at about 33 meV are
very sensitive even to small variations in the details of
the surface structure. As can be seen from Fig. 9, the
differences in the frequencies between the 9-Ry and the
10-Ry calculation are larger with respect to all other sur-
face phonon modes. Furthermore, we observe a distinct
variation in-the eigenvectors for the 9-Ry results, due to
an intermixing between the two surface states, which is
larger compared to that found in the previous calculation.
Hence, the vibrational feature experimentally determined
at about 33 meV may be regarded as a real fingerprint
of the relaxation. Moreover, a precise measurement of
the dispersion of the two surface-localized phonon modes
would prov.'-de a good estimation for the magnitude of
the buckling angle of the surface chains.

In order to demonstrate that the measurement of the
surface phonon dispersion of InP(110) unambiguously
provides several indications for the relaxation geometry,
we have additionally determined the dynamical matrices
at the I', X, and X' point for the ideal surface. The
calculations have been accomplished by using completely
unrelaxed nine-layer slabs and the potentials PP2. In
the comparison with the results of the relaxed structure
the majority of the surface-localized modes shows signif-
icant deviations in the frequencies and the displacement
patterns.

In Fig. 9 the most important changes imposed by the
artificial removal of the relaxation are depicted in the
form of diamonds. Supposing the ideal surface, the gap
modes are separated by at least 9 meV in contrast with
the relaxed structure, for which the splitting essentially
is smaller than 2 meV. Because of the large energetical
separation, the two phonon branches are completely de-
coupled. As a consequence, only small modifications in
the eigenvectors occur following the dispersion of each
of the two modes throughout the surface Brillouin zone.
The lower phonon located at about 25 meV is dominated
by a vibration of the surface anions in a direction that is
similar to the polarization of the mode labeled as (a) in
Fig. 7. For the upper mode at about 36 rneV, we observe
a displacement pattern in accordance to the eigenvector
(b) of Fig. 7. The large splitting places the two branches
far apart from the feature resolved by HREELS. Hence,
the agreement between the experiment and our results
for the relaxed surface clearly shows, that the measure-
ment of the gap modes not only is an indication of the
buckling of the surface chains but also confirms the range
of the tilt angle determined in our calculations.

Another fingerprint of the atomic surface geometry
identified in our calculations is the dispersion of the
acoustical phonons in the I'X' direction. With respect
to the relaxed surface, the frequencies of the RW and
the third acoustic branch drop down by 2 meV when
switching to the unrelaxed system. The eigenvectors
of these two modes and also that of the intermediate
branch, which is lowered by only 1 meV, remain nearly
unaBected. Thus, the displacement patterns shown in
Fig. 6 are representative for the ideal surface, too. As
the HREELS experiment resolves the surface acoustical
phonon above the intermediate branch, the decrease in

the frequency at the zone boundary induced by remov-
ing the relaxation is a strong indication of the buckling
of the In-P chains in the first atomic layer. Therefore,
a precise measurement of the dispersion and particularly
of the phonon frequencies at the X' point should pro-
vide additional information about the structural details
of InP(110).

Two further remarkable modifications in the vibra-
tional properties can be found. The optical surface
phonon, typically placed above the bulk phonon bands
in the relaxed system, is shifted downwards by about 3
meV by imposing the ideal geometry. As a consequence,
it mixes with bulk states and shows a deeper penetration
profile. The rocking mode is characterized by a stronger
localization in the ideal structure compared to the re-
laxed surface. Also apart from the zone center we are
able to identify this phonon with an energy of 8.42 rneV
at the X point arid 7.74 meV at the X' point.

VI. CONCLUSIONS

We have reported on the results of an ab initio calcu-
lation of the complete phonon dispersion of bulk InP and
of the InP(110) surface. The bulk phonon dispersion has
been determined in good agreement with the experimen-
tal data from inelastic neutron scattering and Raman
spectroscopy. ' Because of the large mass mismatch
between indium and phosphorus, the acoustical and op-
tical phonons are separated by a wide gap. Particularly,
our calculations predict an additional gap between the
transverse optic and longitudinal optic bulk bands, due
to the Hatn~ss of the optic branches.

In a completely self-consistent way, we have extended
our ab initio calculations to a system of periodically
repeated thin crystal films, in order to investigate the
atomic geometry and the phonon dispersion of the
InP(110) surface. By relapsing the atomic positions with
the help of the Hellmann-Feynman forces, we have deter-
mined the atomic equilibrium structure of the surface in
good accordance with LEED measurements ' and
low-energy positron difFraction. We have calculated the
full phonon dispersion of InP(110) in the direction of
the surface chains (I X' direction) and in the direction
perpendicular to the In-P chains (I'X' direction). The
surface-localized. phonon modes identified in our calcula-
tions compare very well with the phonon dispersion ex-
perimentally determined by HREELS. Especially, we

find that the energy loss measured by HREELS at about
33 meV in the gap region of the bulk originates in two
surface-localized phonon modes lying close together side
by side.

The use of additionally constructed pseudopotentials
in our density-functional calculations has confirmed the
reliability of our results. Particular attention has been
focused on the dependence of the surface vibrational fea-
tures on the structural details of InP(110). Each of the
two phonon modes at about 33 meV appears to be very
sensitive even to only small variations in the atomic-sur-
face geometry. Beside the investigation of the dynamics
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in the relaxed system, we have performed additional cal-
culations for the ideal surface. In contrast with the good
agreement between the experimental data and our results
for the phonon dynamics determined for the relaxed sur-
face, we observe drastic changes in the &equencies of the
gap modes and the three acoustic branches in the I'X'
direction by removing artificially the surface relaxation.
Therefore, the energy loss seen by HREELS in the gap
region of the bulk phonons and the acoustic surface vibra-
tion experimentally resolved at about 7 meV in the near
of the X' point can unambiguously be identified to be
real fingerprints of the atomic structure of the InP(110)
surface.
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