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Structural fingerprints in the reflectance anisotropy spectra of INnF(001) (2% 4) surfaces
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The reflectance anisotropy has been calculated ficshprinciplesfor a series of recently proposed struc-
tural models of the InP(001)(24) surface. The features of the calculated spectra are related to specific
surface bonding configurations. We find a pronounced negative anisotropy around 1.7 eV linked to transitions
betweeno-like In-In bonding states and empty dangling bonds localized at the surface cations. The strength of
that anisotropy is directly related to the number of In-In bonds at the surface. This explains the gradual change
of the corresponding measured anisotropy in that energy region, depending on the growth conditions. Positive
anisotropies at higher energies arise from transitions between P-P dimer related states and surface resonances.
Additionally we find derivativelike features at the energy of tage peak that depend only weakly on the
surface structure and stoichiometry. In conjunction with the experimental data, our results indicate that the
(2x4) reconstructed In@01) surface features In-In bonds alof§l0] and P-P dimers parallel tblTO],
respectively. The relative number of these bonds varies with the growth condi&163-18299)09003-7

[. INTRODUCTION ingly been observed in time-of-flight scattering and recoiling
spectrometny?>
Reflectance anisotropy spectroscaiRAS), also known The proposed structural models have recently been

as reflectance difference spectroscof3DS),> has been probed byab initio total-energy calculatior®. It was found
shown to meet the need for a relialitesitu monitoring tool,  that dimer reconstruction models are energetically the most
applicable to ultrahigh vacuum as well as to gas-phaséavored for InP(001)(X4). The cation-rich surface was
environment$~* Such a tool is particularly useful for mate- suggested to contain mixed In-P dimers on top of an In-
rials like InP, which are mainly grown by metal-organic va- terminated surfacécf. Fig. 1). Three P dimers, arranged in
por phase epitaxyMOVPE): Under gas-phase conditions as the so-calleds2 geometry?® form the surface unit cell for

in MOVPE, electron-baseid situ techniques cannot be used. More phosphorus-rich conditions. Models with one or two P

RAS takes advantage of the fact that the bulk dielectric redimers (top-P-dimer model andr geometry, respectively

sponses of cubic materials are essentially isotropic, so arj@ occur for mftermed|a2te chemical poter?uals. Al t(;uta)se
detected anisotropy is necessarily surface-related. The ide tructures, apart from the2 geometry, are characterized by

tification of surface phases by RAS is based on the knowl-" In bonds in the second atomic layer. Very recethIy, afur
. . o . ther surface geometry has been proposed fofd@B: Tsai

edge of RAS “signatures” of specific surface bonding con- 26 .

. . . . et al” suggest a P-tetramer structure derived from the ge-

figurations. A theoretical understanding of the relation

bet ; tructural feat d th di ometry proposed in Ref. 22. We have calculated the total
etween surface structural Teatures an € correspond ergy of the tetramer structure and found it to be 0.38 eV

optical properties thus helps to exploit the potential thigher than that of InP(00Z)2x 4), which has the same

RASS2 stoichiometry. This energy difference makes the tetramer ge-
The structure of the InP(001)¢24) surface has been

subject to a series of recent experimental studies a re- ised-dimer top-Pdimer . »

view see, e.g., Ref. 13In particular, this surface has thor-
oughly been characterized by means of RAS® Its geom-
etry was interpreted in terms of dimerized In and P atoms,
based on similarities between the measured reflectance ar [110]
isotropy (RA) with earlier findings for GaA®01).%° Other
experimental studies, however, claim that the InP surface
[110]

structure cannot be explained in terms of conventional dimer

models: On the grounds of scanning tunneling microscopy

(STM) images, Shimomurat al?* suggest a structure that [, 1. Top view of energetically favored InP(001)2) sur-
combines two In dimers in the third layer with a partial In-P face reconstruction models. Emptfilled) circles represent IrP)
exchange in the uppermost two atomic layers. MacPhersoftoms. Large(smal) symbols indicate positions in the first and
and co-worker¥ interpret their STM images in terms of P second(third and fourth atomic layers. The reconstructions are
trimers. A trimerization of the topmost In atoms has seem-ordered by increasing P coverage.
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ometry very unlikely to occur. parametrizatiofr of the Ceperley-Alder forif of the ex-

The aim of the present study is to investigate the surfacehange and correlation energy is used. The spacing of the
optical properties of Inf@@01) and to resolve the controver- finest grid used to represent the electronic wave functions
sies regarding its structure by comparison with experimentsand charge density in the multigrid real-space approach was
For this purpose we calculated the RA of the energeticallydetermined through a series of InP bulk calculations. We find
favored surface structures shown in Fig. 1. The results arstructural and electronic properties to be converged for a
compared with measured data and analyzed with respect &pacing of 0.24 A. This corresponds to an energy cutoff in
the existence and origin of characteristic, surface-bondinglane-wave calculations of about 21 Ry. We calculate a bulk

related features or “fingerprints.” equilibrium lattice constant of 5.84 A and a bulk modulus of
72.7 GPaexperiment’ 5.87 A and 71 GPaThe calculated
Il. METHOD excitation energies are somewhat smaller than experiment

due to the above-mentioned DFT-LDA gap problem. We ob-
The quantity we want to calculate is the anisotropy of thetain values of 1.54, 0.89, and 1.59 eV fB(Lg.), E(Tgc).

reflectance of polarized light. The general formulas for theand E(Xg.). These energies are about 0.2—-0.5 eV smaller
reflectance coefficients of and p radiation have been de- than those measured in room-temperaturéRT)
rived by Del Solé” from the light-propagation equations at experiments’ The transition energieE(Ag.— A4s6) and
surfaces, taking the inhomogeneity and anisotropy of the su(T';.—TI';g,) are underestimated by about 0.7 and 0.6 eV,
face into account. Polarization-dependent corrections to theespectively. Accordingly, the calculat&d andE/ peaks of
Fresnel reflectance appear. Here, we are only interested the bulk optical spectrum appear around 2.5 and 4.2 eV.
the special case of normally incidesitvaves. As shown by  Experimentally they are observed at 3.2 and 4.8%V.

Manghiet al.?® the reflection anisotropg R/R for light po- To model the InFO01) surface we consider a periodic
larized alonge and 8 can be derived from a slab calculation super cell along the surface normal. It contains 12 atomic
and is given by (001) layers and a vacuum region equivalent in thickness to
8 atomic layers. The dangling bonds at the bottom layer of
AR R,~Rp 4od |4n[a,(w)—aggw)] the slab are saturated with fractionally charged
R ™R ¢ m ep(w)—1 (D) pseudohydrogen®. It is well known that surface optical

spectra strongly depend on geometrical defdifé Therefore

whereep(w) is the bulk dielectric function and,,, andags  the geometries of the investigated models were carefully re-
are components of the optical polarizability tensor of the sladaxed until all calculated forces are below 25 meV/A. The
with thicknessd. In the following we identifya and 8 with  bottom three layers of the slab were kept frozen in the bulk
the[lTO] and[110] directions, respectively. configu_ration and the starting _coordinate§ were taken from

We calculate the slab polarizability in the independent-2n earlier plane-wave calculatléﬁ.lntegratlons in the sur-
particle approximation based on the electronic structure obface Brillouin zone(SB2) for calculating the atomic and
tained within density-functional theory in the local-density €lectronic ground state of the surface are performed using
approximation(DFT-LDA). Whereas the DFT-LDA method fpur specialk pomts'ln the |r'redu0|blg part. For the calcqla—
is well established for the study of the atomic structure oftion of the dielectric function we include all conduction
semiconductor surfaces, their optical properties are often d&@nds within 7.5 eV of the top of the valence bands, using 16
termined by the empirical tight-binding methd&22 The unlformly distributedk points in the_ wredumble part of the
main reasons for that are the high costfikt-principles SBZ. This corresponds to 256 points in the full (1X1)
calculations of optical properties and the DFT-LDA band- SBZ.
gap problent® Our calculations were performed using a re-
cently developed real-space multigrid mett8d* This ap- IIl. RESULTS AND DISCUSSION
proach provides for effective convergence acceleration and
preconditioning on all length scales. Furthermore, it allows
for an efficient parallelization and is thus particularly suit- In Fig. 2 we show the RA spectra calculated for the four
able for large surface reconstructions as studied here. surface geometries discussed above together with experimen-

Top and bottom layers of slab geometries modeling zinctal data>!’
blende(001) surfaces have necessarily different bond orien- The spectra measured by Ozanyan and co-wotkéos
tations and thus contribute differently to the optical anisot-temperatures between 470 and 590 °C show a distinct tem-
ropy of the slab. This is one of the key problems for theperature dependence: The 590 °C spectrum shows a pro-
calculations of the RA for 111-Y001) surface$. The real- nounced negative anisotropy around 1.7 eV, which gradually
space approach employed in our study allows an elegant sdisappears with decreasing temperature. At the same time the
lution: We use a linear cutoff functidhin calculating the positive anisotropy at 2.6 gains strength and the “three-
optical matrix elements and thus suppress the anisotropy dfuckle” shape flattens between 3.5 and 4.5 eV, resulting in a
the bottom layer of the slab. “camelback’” overall spectrum shape. Reference 15 explains

We employ nonlocal norm-conserving pseudopotentialthese spectral changes as due to the transition from an In-rich
generated according to the scheme by Hanfaand cast surface to a less In-rich stoichiometry. The assumption of a
into Kleinman-Bylander forrit>* to describe the electron- stoichiometry-related RA is backed by the works of Zorn
ion interaction. The In d electrons are partially taken into et al!® and Postigo and co-worket$ who observe similar
account by means of a nonlocal core correction to the exmodifications in their RA spectra measured at varying phos-
change and correlation energy. The Perdew-Zungephorus partial pressure. For comparison, we also show a RT

A. Comparison with experiment
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= occurs for the top-P-dimer and mixed-dimer structures, fea-
I°'°°5 5 turing a single P-P or In-P dimer, respectively, on top of an
1 tess In-rich, 470 °C, (2) In-terminated substrate. The described evolution of the spec-
_ s tra in the high-energy region shows a correlation between the
3 In-—rich, 590 °C, (a) positive anisotropy and the formation of P-P dimers. Simul-
2 /\//\ N taneously with the downshift of the spectrum, also a “three-
% V\/In_mh’ RT, (b) buckle shape” develops. This closely parallels the evolution
< of the experimental spectra with increasing In coverage and
b > a4 5 & again resembles earlier theoretical work for GéRd).>**
All structures investigated give rise to a local minimum or
—_— derivativelike feature around 2.5 eV, which is only weakly
Jo.o01 B2 dependent on the structure and stoichiometry of the surface.
A similar feature characterizes the measured spectra at an
a energy of 3.0-3.2 eV. The calculated and measured minima
—_ ~ thus coincide with the respectiie, peaks of the InP bulk
‘_E \/\/top_P_dimer optical spectra. _
et The general line shape of the calculated spectra and in
E mixed-dimer particular the evolution of the spectra with structural changes
S S— is in fair agreement with the experimental findings for dif-
1 2 3 4 5 ferent growth conditions. The agreement, however, is far
Energy [oV] from perfect.(i) The calculated anisotropies are about three

FIG. 2. Upper panel: Measured RA spectra for In-rich and lesdimes larger than measured. This overestimation can be ex-
In-rich INR001) surfaces from Refs. 1%a) and 17 (b). Lower  Plained partially by the strong temperature dependence of the
panel: RA spectra calculated for the structural models shown in Figheasurements as discussed above, and the existence of de-
1. The zero line in each spectrum is indicated by a horizontal dottedects and domain boundaries at the sample suffate,
line. which can be expected to have a strong effect on theé*RA.

Furthermore, the calculated surface phase diaffranggests
spectrum measured by Kinsky and co-workéet an In-rich @ coexistence of different surface geometries for intermediate
InP(001) surface. While the overall line shape is very similar values of the In chemical potential. The measured spectra
to the corresponding high-temperature spectrum of the Inmay thus present a superposition of different contributions.
rich surface, a small blueshift of about 0.1-0.2 eV, togethefii) Apart from the different peak heights, the energetic po-
with sharpened and increased anisotropies, occurs. The treifions of the calculated peaks also deviate from experiment.
towards enhancement of RA amplitudes holds also for evedhis deviation cannot be remedied by a rigid shift of the
lower temperature® This should be borne in mind when conduction bands towards higher energies: The low-energy
comparing the measurements with our spectra, calculated Brt of the measured spectra is nearly correctly described,
zero temperature. despite the underestimation of the InP bulk excitation ener-

In the lower panel of Fig. 2 we show the RA calculated gies in the underlying DFT-LDA calculation as discussed in
for the four structural models shown in Fig. 1. Note the the Introduction. This holds in particular for the strong nega-
different scale for calculated and measured spectra. We ofilve anisotropy around 1.7 eV, which is entirely due to tran-
serve a strong negative anisotropy around 1.7 eV for théitions between surface states, as will be shown below. For
mixed-dimer model, which contains six In-In bonds alongenergies larger than about 2 eV, on the other hand, we ob-
the [110] direction in the surface atomic layer. The strengthserve a distinct redshift in the calculated spectra. Quasiparti-
of this anisotropy is strongly reduced for the top-P-dimerC|e calculations for semiconductor surfaces including many-
model with four In-In bonds and even weaker in the case obody effects in thes W approximatio*~*"have shown that
the a structure with two In-In bonds. Thg2 structure, bulk- and surface-state energies may experience different
which does not contain any In-In bonds, shows no negativéhifts with respect to the eigenvalues of the underlying DFT-
anisotropy at all. Thus the negative anisotropy below 2 e\LDA calculation. In particular, Hybertsen and Lofiigoint
seems to be related to the existence of cation-cation bond8Ut that, depending on the orbital character of the specific
This supports the interpretation of the experimental spectrgtates, the surface gap may actually open less than the bulk
discussed above and is similar to earlier theoretical findinggap, when self-energy effects are included in the calcula-
for the GaA$001) surface>*? tions. A fortuitous cancellation of self-energy and electron-

The calculated spectra also show a strong dependence Bﬁle interaction effect§ may also contribute to the different
structural details for h|gher energies_ For tﬁ@ geometry shifts of the bulk- and surface-related peaks in the calculated
with three P-P dimers oriented anﬁgTO], we find a rela-  SPectra in comparison to the measurements. Unfortunately,

tively broad positive anisotropy between about 2 and 4 eV'both self-energy and electron-hole interaction effects are be-
Maxima of the anisotropy appear around 2.3 and 3.4 eV anjOnd the scope of the present study.

a shoulder exists at 2.7 eV. The shape of that anisotropy is
roughly preserved for the structure, which features two P-P
dimers. The magnitude of the anisotropy, however, is some- We have shown above that the surface atomic structure
what reduced and the spectrum is shifted down. An evestrongly influences the calculated RA. Moreover, a heuristic
further reduction in positive anisotropy between 2 and 4 eVcorrelation between structural units, such as In-In bonds or

B. Origin of RA features
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Energy [6V] FIG. 4. Calculated RA spectra for the mixed-dinglaft pane)

and B2 structure of the InP(001)¢24) surface. Only transitions
FIG. 3. Calculated RA spectra for InP(001X2) surface between the indicated electronic statsse text are considered.
structures considering only transitions withibelow) the upper-

most four atomic layers are shown by solidashed lines. The e ) An additional shoulder at 3.1 eV appears in the case
latter have been scaled by 5. The zero line in each spectrum is . - .
indicated by a horizontal dotted line. of the mixed-dimer and top-P-dimer structures.

A more detailed investigation requires the knowledge of
the INR00Y) surface band structure. A theoretical analysis of
P-P dimers, and specific spectral features has been founghe InP surface bands and the orbital character of the corre-
Similar findings exist for GaA©01)."” This does not ex- sponding states has recently been publiéhand is in agree-
plain, however, the origin of the surface RA. In the case ofment with the experimental data available to datin Fig. 4
GaAg001) there is an ongoing discussion: Some autffors we show the calculated RA for the mixed-dimer apd
attribute the RA mainly to electronic transitions betweenmodels of the Inf001) surface attributed to transitions be-
surface-perturbed bulk states. Others assign the features fween specific states. In the case of the mixed-dimer model
the calculated RA to particular transitions between pairs ofve find that the main contribution to the negative anisotropy
surface statésor to transitions between bulklike states andbelow 2 eV, which above has been shown to be linked to the
surface state%.It has also been hypothesized that in manyexistence of In-In bonds, comes indeed from transitions be-
cases RAS line shapes have little to do with the atomic surtween In-In bonding-related states: Transitions between
face structure, but are rather determined by surface-induced1/V3 and C2-C4 (notation from Ref. 4P give rise to a
changes in the excitonic and local-field effects on bulksharp negative peak at 1.8 eVl and V3 are occupied
transitions*®>° o-like In-In bonding states close to the bulk valence-band

In order to clarify the origin of the RA in the case of InP, maximum(VBM) of InP. Their orbital characters are shown
we perform additional calculations. In Fig. 3 we show thein Fig. 5. These are bound surface states aroundtpeint
calculated RA for the different surface geometries taking intoof the SBZ#?> C2—-C4 are empty dangling bonds localized at
account only transitions within the uppermost four atomicthreefold-coordinated surface catiafes. Fig. 5. Their ener-
layers. These are the layers where most of the structural argktical positions are within the upper part of the projected
electronic modifications occur, which cause the surface tdulk band gap. Transitions betwe¥i/V3 andC2-C4 ac-
reconstruct. The calculated spectra are rather similar to thosmunt for about two-thirds of the negative anisotropy in the
calculated for the complete slgBig. 2). This holds in par- low-energy region. A smaller contribution around 1.6 eV is
ticular for the negative anisotropy around 1.7 eV, which candue to transitions betweevi2 andC1.V2 corresponds to a
therefore be attributed to transitions near the surface. Thiwne pair of electrons at the topmost P atom, energetically
anisotropies at higher energies are also fairly well reproslightly below the bulk VBM. The lowest unoccupied sur-
duced by including near-surface transitions only. Howeverface state,C1, contains contributions from empty In dan-
their magnitude is somewhat reduced with respect to the caljling bonds and an antibonding® combination of In-P
culation for the full slab. This indicates that surface-modifieddimer states. States comparablevtb andV3 andC2-C4,
bulk states do contribute in that energy region. Also showrboth in energetical position and orbital character, are also
in Fig. 3 are the parts of the reflectance anisotropy that resufbund at the In-In bonds of the top-P-dimer model anddhe
from transitions below the uppermost four layers. For allstructure of the Inf®01) surface. This explains the strong
investigated structures these transitions between predomgorrelation between the number of these bonds and the cal-
nantly bulklike states give rise to a broad and relatively smalktulated (and measuredRA below 2 eV, as demonstrated
positive anisotropy with a maximum around 3.7 eV andabove. Similar states also exist at In-In bonds of In-covered
weak local minima close to the energies of tBe and E; GaAg001) surfaces? Ga-Ga dimers of4x 2)-reconstructed
peaks of the bulk optical spectruat 2.5 and 4.2 eV, respec- GaAd001) surfaces® and Ga-Ga bonds of Sb-covered
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C1 surface cations bonded to the P-P dimers. Such states are
; 2,56
@ (‘) @ Q typical for & and 8/ 82 structures of 111-\(001) surface$?
e, Q e Q 0@ They are mainly responsible for the appearance of the “cam-

elback” spectrum shape associated with the existence of an-
ion dimers. The single P-P dimer of the top-P-dimer model

3 @ ct @ and the In-P dimer of the mixed-dimer structure are not
@) - bonded to threefold-coordinated catidie$. Fig. 1). Accord-
© R ingly, no, or only little positive anisotropy shows up in their
RA spectra.

Our assignments of specific features in the RA spectra to
transitions involving characteristic surface states agree with
earlier tight-binding findings for GaA801).° The agreement
may, however, be somewhat fortuitous: The tight-binding
calculations modelled the surface geometry by dimers ar-
ranged in(1X2) units. Thus the electron counting rule was
violated and the surface geometry could only be approxi-
mated.

The contribution of surface states to the calculated RA
seems to be larger for 14G01) than recently found for
GaAg001).** This can at least partially be explained by the

V3
differences between the surface band structures a0
S@ v @7‘ (Ref. 42 and GaA§001).%® In particular, the density of un-

occupied surface states in the region of the projected bulk

FIG. 5. Contour plots of the squared wave functionskat Pand gap is much higher in InP. This difference is in turn
for surface localized states of the mixed-dimer model of ther€lated to the larger size of the In atoms, leading to a reduced

INP(001)(2<4) surface. The contour spacing is %50 e/  €energy splitting between bonding and antibonding orbital

Bohr’. The wave functions are plotted in (21 and (110 planes, ~COmbinations.

containing the second-layer cation-cation bonds and the In-P dimer,
respectively. IV. SUMMARY

. ) We calculated the reflectance anisotropy spectra for ener-
GaAd00]) surfaces In all these cases a strong neg%“Vegetically favored structural models for the InP(001X2)
RA around 2 eV has been observed experimentdfy® ¢\ itace. Our results compare reasonably with experiment if
There exists thus a strong correlation between structurgdne considers that many-body effects beyond the DFT-LDA
units such as cation-cation bonds and specific line shapege neglected and that the calculations are restricted to ideal
even for chemically different systems. However, a word ofgyfaces at zero temperature. The calculated spectra support
caution is in order. Pronounced cation-cation bonds also 0Ghe existence of different surface structures, dominated by
cur at the GaAs(00H(2x4) surface. The cation-derived |n_|n ponds along110] and In-P or P-P dimers parallel to

surface states are, however, resonant with the projected bul!‘iTO], depending on the particular experimental conditions.

s:tatesr’. Accordlngly, no, or on]y comparatively Ilttle_, N€Ya- \We find that surface states related to structural units, such as
tive anisotropy appears in the corresponding RA__ . . )
spectrumi22° cation-cation bonds, threefold-coordinated surface cations,
P - . . R . and anion-anion dimers, give rise to characteristic finger-
P-P dimers inB2 or & geometries give rise to a relatively .~ . ; ;
rints in the reflectance anisotropy. As shown by comparison

broad positive anisotropy with calculated maxima around 2. . . )
and 3.2 eV, as shown gﬁove. This anisotropy obviously can> GaAg001), however, these fingerprints are not necessarily

not be due to transitions between bound surface states Onlye_rll_v?rsal and have to be established for the investigated ma-
In Fig. 4 we show that transitions between bound surface 'al.
states and surface resonances play a decisive role in the case
of the InP(001B2(2x4) surface: Transitions between oc-
cupied antibondingr* combinations of P-P dimer states, We thank N. Esser, K. B. Ozanyan, C. Kress, V. I.
which lie slightly below the bulk VBM and are bound Gavrilenko, and A. I. Shkrebtii for stimulating and helpful
around theK point of the SBZ}? and unoccupied surface discussions. We acknowledge support by the DE8hm
resonances cause a broad positive anisotropy over the full361/1-1, the NSF(DMR 9408437 and the ONRIN00014-
energy range. Strong positive RA features at 2.3 and 3.4 €¥6-1-016J). This work was supported in part by a grant of
arise from transitions between occupied surface resonancéfC time from the DoD HPC Center and the North Carolina
and emptys p? orbitals localized at the threefold coordinated Supercomputer Center.
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