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Electronic and geometric structure of NH; on Ge(001) under equilibrium adsorption conditions
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The adsorption of Nglon the G€001) surface is studied by angle-resolved UV-photoelectron spectroscopy
using synchrotron radiation and by high-resolution low-energy electron diffradtiBRD) measurements. On
the clean surface, the phase transition froril2o c(4X2) is observed over a temperature range from 400 to
220 K. Measurements during Nldmission at varying temperature in adsorption-desorption equilibrium yield
a sequential occupation of several states. Ué kéL (one molecule per reconstruction dimeXH; is bound
strongly on the dimer down atoms with the Ge-N axis perpendicular to the sudestatg. The adsorption
occurs via a mobile precursor state. Tdaestate is connected with @X2) superstructure. Yet, the transition
c(4X2)—(2X2) starts already at very low coveragék01 ML) and is completed for about 0.04 ML. We
propose that a long-range attractive interaction causk$is-island formation and that a short-range repulsive
interaction is responsible for a change te2within the islands by a dimer flip of every second dimer row. At
the island edges, this dimer flip continues over the clean part of the surface thus changing its struct@e to 2
long before% ML saturation. Beyon(ﬁ ML, the structure changes again. A good-qualityZ2structure is seen
up to 4 ML indicating pseudomorphic growth up to this coverage. Beyond 4 ML, the adsorbate structure
changes irreversibly to Njsice without any LEED patterr.S0163-182¢06)08227-4

[. INTRODUCTION evidence from selection rule arguments in photoemission
that the strongly bound first half ML of Nf-adsorbs perpen-

Similar to the Sj001) surface, G&01) reconstructs by dicularly. We have repeated these measurements under the
forming asymmetric dimers:* Different from Si, however, better defined conditions of adsorption-desorption equilib-
ammonia adsorbs molecularly on Ge surfatésThe inter-  rium. Further, high resolution low-energy electron diffrac-
action with the surface is not so strong that the moleculafion (LEED) measurements including spot-profile analysis
structure of the adsorbate is severely affected or that sudSPALEED are presented which show that the sequence of
strate bonds are broken but it is strong enough to be sensiti@dsorption states is related with a sequence of changes in
to the geometry and electronic properties of different sites. [gurface structure.
is thus an interesting model system. In a recent sfudr,

have investigated the adsorption-desorption equilibrium in Il EXPERIMENT
the temperature range 90—400 K at pressures below 10 '
mbar. The intensity of the N{dle orbital in photoelectron Molecularly adsorbed NEiis sensitive to electron irradia-

spectra excited with 21.2 eV was used as a measure of the®n and to the secondary electrons produced during expo-
coverage. From its variation with temperature and pressuresure to high-energy photoRdue to the very small focus of
isosteric heats of adsorptiakH ,(®) were deduced for sev- the used synchrotron radiation, satellites of the valence or-
eral surface orientations, includir@@01), (113, and (111). bitals of NH; appeared already after a short time indicating
Adsorption on(001) turned out to be especially exciting. Up decomposition, especially for coverages up #oML (a
to a coverage o ML (i.e., one molecule per reconstruction state. Therefore, the sample was irradiated only for a few
dimer, a statg, AH_(®) is high and increases with coverage minutes on the same spot. He | radiatignv=21.2 eV} is
from about 90 to 135 kJ/mol which was attributed to anharmless. LEED measurements were made with a Henzler-
attractive interaction between the adsorbed molecules. Thigpe spot profile analysis systémwhich uses very low elec-
work function decreases linearly with coverage by as muchron doses on a relatively large spot. No influence was no-
as 2.1 eV. After saturation of this stateH ,(®) drops to an ticed.
almost constant value of 40—45 kJ/mol until 2 N|B1 state, Two stainless-steel chambers with a base pressure below
followed by a further drop to 32 kJ/mol up to 4 M({82  6x10 ! mbar were used. One of them contained the SPA-
statg. Compared to the first half ML, the further work- LEED instrument and a double-pass cylindrical mirror ana-
function drop is small and amounts to additional 0.4 eV. Atlyzer for ultraviolet photoemission spectroscdpyPS using
about 1.3 ML, the layer transforms to a state with lowerHe | radiation, averaging over a large escape angle range.
entropy, i.e., with higher order but within our experimental The second chamber contained an angle-resolving photoelec-
accuracy, this transition is not connected with a change ofron spectrometefADES 400, Vacuum Generatgrand a
AH_40or work function. Beyond 4 ML, an irreversible struc- display LEED optics. It was connected to the toroidal grating
tural change of the layer occurs and normal condensation imonochromator TGM 4 beamline at the synchrotron source,
observedy state. Berliner Elektronenspeicherring-Gesellschaft f8ynchro-

In this paper, we concentrate on structural aspects of thigonstrahlung m.b.HBESSY), in Berlin. Sample cleanliness
adsorption sequence. In a previous papee have presented and order could further be controlled by Auger
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FIG. 1. Photoelectron spectra of (881) under constant NH [ S N N RN R DU AN N N T T
pressure of X108 mbar, taken at different sample temperatures; 100 200 300
incidence angle 45°, escape angle 60° with respect to the sample T (K)

normal,hv=70 eV. The NH coverage(in ML) is approximately:
clean at 400 K, 0.5 at 190 K, 0.65 at 150 K, 1.15 at 130 K, and 2 at

100 K FIG. 2. Dependence of Nftoverage in terms of theelorbital

intensity on temperature during slow cooling at the indicated; NH

. . . pressures. Inset: Dependence of coverage on exposure at 255 K and
electron spectroscopy. Ammonia was admitted via the re n NH; pressure of X10-° mbar. The curve saturates at an equi-

S'dl.JaI gas. An influence of the ionization gauge _Was noﬁlbrium coverage of 0.17 ML which corresponds to the encircled
noticed. Due to the long exposures andJN\fdndensation on aint in the main figure.

the cold areas of the sample holder, which evaporated afté)r

warm-up, a pressure of aboux20™° mbar could only be

achieved the following morning, if the chamber was mildly initial a state(3 ML, completed at 190 K, see Fig.)2is
baked (~60 °C) in the evening after finishing the experi- characterized by thed orbital at—23.4 eV, the & orbital

ments. at —11.9 eV, and a weak&L emission, in complete agree-

The (001) sample(accuracy+0.5% was clamped to a Ta ment with previous resuls®®With decreasing temperature,
holder which could mechanically be withdrawn from the the coverage increases and the orbital positions shift to
liguid-N,-cooled manipulator shaft during annealing. In the —22.1 eV (221), —11.1 eV (%), and —5.6 eV (3&1l) for
low-temperature region, the sample temperature was regithe spectrum at 100 K representing a coverage of about 2
lated by simultaneous mild heating. The temperature wasIL. These values coincide with those reported in Ref. 8 but
measured with a Chromel-Constantan thermocouple with agiffer slightly from those in Refs. 5 and 6 which were mea-
absolute error of about3 K. The relative error when com- sured after N@ admission at low temperature where the sur-
paring different experimental runs was considerably smalleriace mobility is not sufficient to guarantee sequential occu-
about 0.5 K. NH; coverages will be given in monolayers pation of the different adsorption states.

(ML) referred to unreconstructed ®@1). 1 ML corre- The temperature dependence of the NI orbital inten-
sponds thus to an adsorbate density of 6:26™ cm . sity for three pressures is displayed in Fig. 2. Theirten-
sities were taken from He | spectra. They are proportional to
Ill. RESULTS the coveragedy, as discussed in more detail elsewhre.

Figure 1 shows a set of photoelectron spectra taken witfhe saturation of thg ML state is connected with clear
hv=70 eV during slow cooldown at a constant Nptessure plateaus at about 200 to 150 K, depending on the pressure.
of 2x1078 mbar. The light incidence was at 45° and the The two curves for higher pressures show a further shoulder
escape angle 60° with respect to the sample normal. Tharound 120 K which is connected with the mentionk8
spectrum taken at 400 K represents the clean surface. Theansition for@~1.3—1.5 ML® For the lowest pressure, the
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B B e e e be expected if the Nfimolecules are adsorbed perpendicu-
larly, i.e., with the Ge-N axis normal to the surface plane.

Ge (001) +1/2ML NH;, hv=70eV Only then theal orbitals cannot be excited with the light
polarization vector in the surface platfet
2a1 1e 3a1 Figures 4d)—4(f) show schematically possible arrange-

ments of GED01) reconstruction dimers and their LEED pat-
terns which consist always of contributions from two rota-
tional domains separated by single-layer steps. The stable
low-temperature structure is(4x2) (Refs. 2, 12, and 13
which is explained by the arrangement of Fidf)4Figure

4(a) shows a pattern measured at 255 K. THe)X, (3,9),

and the corresponding spots from the second domain are
elongated ~3.5% BZ long but only(0.5-0.8% BZ wide;

BZ is the Brillouin zone length of the unreconstructed
Si(001) surfacg indicating oblong domains with a length
along the dimer rows of about 500—800 A and a width of
about 120 A. The order perpendicular to the dimer rows
depends on the preparation. In our experiments it decreased
from about 7% BZ for the initial sputter-annealed surface to
a final value of 3.5% BZ.

At higher temperature, only a>x2l pattern is observed.
Figure 5 illustrates the transition. The quarter-order spots
begin to decrease stronger than predicted by the Debye-
Waller behavior at about 220 K and have disappeared at
about 400 K. This looks very similar to the LEED results of
Kevan and Stoffet? In a later paper, however, Kevan gives
a quite narrow transition range between about 220 and 250 K
deduced from the same LEED dafarhe whole transition is

NORMALIZED INTENSITY

cleo e der e ber e bren b g b P interpreted as a two-stage process with ordering along the
-30 -20 -10 0 dimer rows as a first and ordering perpendicular to them as a
ENERGY BELOW E, {(eV) second step. We have no indication for a two-step transition

in the investigated temperature range. The ordering along the
FIG. 3. Photoelectron spectra wilty,,=2x10"® mbar at 190 ~ dimer rows is always quite goapot width<1% BZ) and
K in the -ML plateau of Fig. 2. All spectra are taken at normal We_did not find stripes along the whole line frofa0) to
emission and the incidence angle varied from near nofff) to (3,1) at higher temperature or any kind of increased back-

65°. The dotted spectra are from the clean surface. ground. Thec(4x2)-related spots appear during cooling with
a width of about 6.5% BZ at 300 K and 3.5% BZ at 250 K.

. . . When NH; is adsorbed, the(4X2) pattern changes very
;:;)r\]/g;age did not exceed 1 ML in the attainable temperaturauiCkIy to a 22 pattern, Figure @) shows an example. The

: ; : . dependence of this change on exposure is shown in Figs. 6
The inset shows the coverage increase with exposure tIm:%nd 7. Figure 6 shows LEED scans along the line indicated

at 110°> mbar, expressed in terms of monolayer equiva-by arrows in Fig. 4a). The adsorption conditions are similar
lents (MLE) [1 MLE is the exposure corresponding to the to those in the inset in Fig. 2 but with lower Nlgressure so

density of surface atoms on @@1)] for the first data point that the final equilibrium coverage is approximately 0.15

at 255 K of the curve belowmarked by a circle The stick- o
ing coefficient is constant until saturation at the equilibriumML' Already for the lowest coveragNH3—0.007 ML),

coverage is reached, proving that adsorption occurs via §1€ quarter-order peaks in Fig. 6 are reduced. For 0.04 ML,
mobile precursor state. For the applied pressure and temper@0ly an increased background is left and a clegg)( spot
ture, the equilibrium coverage is 0.17 ML. The sticking co-has formed which develops further. It has a sharg(1i3%
efficient turns nominally out as 0.72 but no correction of theBZ) superimposed on a broad bg$86 BZ for the 0.07-ML
pressure reading for the ionization probability of NRas ~ curve of equal intensity in the maximum. The width of the
been made and it is likely that the pressure at the sample Rroad base peak decreases with increasing coverage. The
lower than at the pressure gauge because of plping by 0.15-ML curve .corregponds to equmpnum- at the .used
condensation on the cooled sample holder. We can thus sdinH,: The two-dimensional pattern of Fig(h} is from this
that the sticking coefficient is constant and near unity. state and shows that the,§) spot actually is cross shaped
Figure 3 shows 70-eV spectra fgeML saturation (e [contour line plot in Fig. 4)] which is obviously again due
statg taken for normal emission and variable incidence angldéo the contributions from oblong domains from the two un-
a. The dotted spectra shown far=15° and 45° represent equivalent rotation domains. However, from the LEED pat-
clean surface spectra. For 1@ near to normal incidence as tern alone, it cannot be decided whether they are elongated
possiblg, the emission from the orbitals withl symmetry along or perpendicular to the dimer rows because there exist
is almost zero and increases continuously withThe le  no spots in the pattern which originate from only one kind of
orbital emission is always strong. This is precisely what is todomain as in the case of thg4X2) structure. From the
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Aan e e S 2x2 E i that a 2<2 arrangement might be more favorable thar(4
o= l‘”) 7l o ETT BB X2) arrangement if a short-range repulsive interaction be-
o o —s IxI B B = tween adsorbate molecules exists. The22structure allows
LILT (e) for larger distances between Nlfolecules on neighboring
e e B X B dimer rows. The models in Fig. 8 imply perpendicular ad-
o« _o o— l A l [ c (4x2) Q sorption on the dimer down atoms. Perpendicular adsorption
e e T l T |7 + a >< >< 0 results from the photoemission results discussed above. Ad-
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FIG. 4. (a) LEED pattern of the clean G@01)c(4x2) surface at Ge (004) +4.5x40 mbar N,

255 K,Ep=120 eV; shown is a section limited by the integral order
spots(00), (10), (01), and(11) as in the schematic patterns below;
the arrows indicate the position of the line scans of FighpSame o (L)

as (a) but with a constant Nkipressure of 510 '° mbar, O,
~0.15 ML; a 2<2 pattern has formed(c) Contour plot of the 0.15 k j .|

central ,3) spot in(b); scale: 100% BZ corresponds to tt&0)-
. N
0.08 | _M

(01) distance in(b). (d) Schematic arrangement of the tilted recon-

mains of the G@01)-2x1 structure(two further domains with .

dimers tilted opposite are also possjbénd corresponding LEED

pattern with the spots from the two domains marked with circles 0.04_J

and crossege) Same agd) for a 2x2 structure(f) Same asd) for

a c(4x2) structure. Representative primitive surface unit cells are O'OO_Z_“ N
marked. 0 J L

struction dimergcircles represent up atopfor two rotational do-

INTENSITY
|

widths of the base and the sharp tip, the dimensions of the sPOT 1/2 0 1/2,1/4 172, 1/2 1/2,3/4 1/2, 1t
formed 2<2 domains can be deduced. Relatively seen, their L1 IR S I R R R
length varies little with coverage from 280 A at 0.07 ML to 0 50 100
330 A at 0.15 ML. Their width, however, varies by more k (%BZ)
than a factor of 2 from 30 to 65 A.
Energetically, the difference between tb@x2) and the FIG. 6. LEED scans along the line marked by arrows in Fig.

2Xx2 structure is smal>!® The transition fromc(4X2) to  4(a) during NH; admission of 4510~ mbar at 255 KEp=120
2x2 requires a dimer fligchange of tilt directiopof every  eV. The parameter gives the coverage in@&d) monolayers. For
second dimer row in Fig.#. For a complete half ML of the top curve, equilibrium coverage is reached.
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FIG. 7. Dependence of the intensity of the indicated LEED spots
from line scans as in Fig. 6 on exposure for a constanj plidssure
of 4.5x1071° mbar with the sample at 200 and 255 K. The final
equilibrium coverage is approximately 0.25 ML at 200 K and 0.15
ML at 255 K. The background intensity is marked by BG in the
curves.

sorption on down atoms was concluded from the behavior of

Ge 3d surface core-level shifts on clean andjhdvered FIG. 8. Structure models fo-ML NH 5 adsorbed perpendicular
Ge001) and their comparison with calculations of Pehlke on Ge-dimer down atoms with>2 (a) and c(4x2) (b) arrange-
and Schefflet’ ment. The shaded areas represent the van der Waals radii of H and

However, the adsorbate-induced transition is almost comN atoms in NH. The rotational orientation of the molecules is
plete after exposure to only about 0.06 MIBy,=0.04  chosen so that the distance between H atoms of different molecules

ML). Therefore we propose the following mechanism: ThelS Ie_trges_t. The diste_mce between H atoms from molecules on neigh-
NH; molecules form islands which kinetically is possible P0ring dimer rows is larger for the>22 arrangement.

because of the existence of a mobile precursor. A long-range .

attractive interaction must exist in this case. This seems ur@Xis along the dimer rows. An exposure to 0.06 MLE
likely for the observed arrangement of parallel strong dipole©nr,=0.04 ML, less than 10% of th¢-ML saturation of
moments of perpendicularly adsorbed Nidolecules. How- the « state is sufficient to transform nearly the whole sur-
ever, we have observed that the heat of adsorption is higface.

and increases with coverage up ¥aML,® which supports One could argue that also random adsorption ofsNH
attractive interaction. Further, the strong adsorption-induceavithout island formation could modify the surface energy in
work-function decrease of-2.1 eV is strictly linear until away to let the X2 structure be more favorable after having
1-ML saturation without depolarization effeEtashich sup-  reached a certain sharp value of the coverage. The seeds for
ports that repulsion is negligible. A repulsion appears to be&x2-domain formation would in that case be fluctuations of
restricted to the interaction between dimer rows and causabe dimer tilt direction, possibly stabilized by single NH
the 2x2 structure of Fig. &) to be more favorable than the molecules, and oblong domains could form similarly by a
c(4X2) structure of Fig. &). Thus, NH-covered X2 do- quick dominolike dimer flip along the dimer rows.

mains may locally be formed. Since neighboring dimers with  Apart from the fact that the coverage dependence of the
the same tilt direction at the island edge are unfavorableheat of adsorption suggests attractive interaction, the
they flip and the X2 pattern continues dominolike along the coverage-dependent increase of th&22 domain width
dimer rows resulting in oblong»®22 domains with their long would be hard to explain assuming a phase transition in-
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duced by random adsorption. NHsland formation could L o o L B e e e
explain it by assuming island growth analogous to Ostwald ‘
ripening. The question could be clarified using a real-space | Ge (001) +1.3x10"7mbar NH,
microscopic method like scanning tunnel microscopy at low 00
temperature.

The 2x<2 pattern after conversion at low Nidoverage is
dominated by the form factor of the clean surface which then
changes towards that of the Widaturated X2 pattern when
approacheg ML. This behavior is reflected in Fig. 7. The
(3,3 spot has reached zero intensibackground intensity
at about 0.1 MLE where the(4X2)—(2X2) transition is Awa, E,=100eV
completed. The3,0) spot intensity, however, drops further 4 Lay assangd
until about 0.2 MLE where the equilibrium coverage of 0.15 Sptecee _oeoe
ML is reached. agmap e o0®

The (,3) spot intensity in Fig. 7 increases first, goes - |9 i
through a maximum, and decreases again although thg NH ¢3 2x1 2x2
coverage no longer changes. We cannot exclude that this is5
caused by NK decomposition by the continuous electron & dlaaa,
irradiation over about 35 min giving a dose of aboxt1®'° H A 4ha
electrons per cfa This point was not investigated further. = A La,

All other spots remain constant after reaching the intensity o 4 A
corresponding to equilibrium coverage. w . (b) 4

Figure 7 contains also data for exposure at 200 K. Also 4 E.=120eV
here, the intensity of the3(3) spot drops to the background
intensity, but higher exposuréand coveraggsare necessary n
(note that the final equilibrium coverage at 200 K is higher Aﬂ-
The (3,3) spot appeares also but its intensity remains low. 0
The (3,0) spot decreases continuously. We believe that the e Lo Lo bever by e Ly
tilt of dimer rows connected with the(4x2)—2X2 transi- 100 200 300
tion is activated and does therefore not form completely at T (K)
the lower temperature. The result is much more disorder in
the dimer tilt directions. We do not believe that the dimer FIG. 9. Intensity variation of three LEED spots marked in the
structure itself is destroyed. inset by the respective symbols during slow cooldown at constant

So far, we have only discussed adsorbate-induced changeg,=1.3x 107 mbar. Some coverage values as deduced from
of the LEED pattern at constant temperature in the rang&ig. 2 are indicated. The primary energy is 100 eMahand 120
below 3 ML. In order to reach higher coverages, the samplesV in (b).
must be cooled further but adsorption at a fixed low tempera-
ture implies reduced precursor mobility and inhibited equili-well ordered with a X1 structure. The downward break of
bration in the case of activated processes. We have therefotiee (3,1) spot and the simultaneous increase of th6) spot
measured the same line scans as in Fig. 6 during sloior E;=120 eV in(b) beyond 1 ML indicate a structural
cooldown at constant Njpressure. The disadvantage is thatchange with changed form factor. This is the coverage region
intensity changes due to the changing Debye-Waller factowhere theAS transition was deduced from ti(T) curves
have to be considered. (Fig. 2). As shown beforé& the work function drops strongly

Figure 9 shows the measured dependence of some spetiring adsorption of the first half ML with a dipole of 1.8
intensities on temperature at constant J\#lessure for two  Debye units per molecule. BeyoridML, the additional di-
representative primary energies. Some;Niverages as de- pole is quite small and we have proposed that both upright
duced from Fig. 2 are also indicated. Already after adjustand inverted molecules are adsorbed at approximately the
ment of the NH pressure with the sample above 300 K, thesame rate so that their dipole contribution normal to the sur-
few percent of a ML which are on the sample in adsorptionface is canceled. Beyond 4 ML, the whole layer rearrafiges.
desorption equilibrium are sufficient to change the structured thick condensed layer is formed and all superstructure
from c(4x2) to 2x2. Until completion of; ML, the intensity  spots are quenched. Also the integral order spots become
of the (3,3) spot[especially at 100 eMa)] and thus the 2 very weak and the background increases. Although the ad-
structure is strong. That it does not show a Debye-Wallersorbate structure beyordViL remains speculative, the well-
like increase as thé3,1) spot is due to the changing form developed k2 structure shows that NHyrows pseudomor-
factor of the <2 structure as discussed above when goinghic up to 4 ML.
from the clean-surface dominated structure at low;Nbiv-
erage to 0.5-ML saturation. Beyond 0.5 ML, thg) inten- V. CONCLUSIONS
sity drops and becomes diffuse when 1 ML is completed. '

However, in the whole range down to below 100 K or up to We have shown that the sequence of adsorption states
4 ML, the half-order spof3,1) remains strong, indicating for NH; on Ge001) correlates with a sequence of
that the surface, including the N#tayer up to about 4 ML, is ordered phases of different periodicityc(4X2)(clean

42 i 0.5 ML

wE e wm

units)
»
Ee

(rel.
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—2X2(a-NH5, 0.04-0.5 MLD—1X2(B-NH;, 1-4 ML) edge so that also the clean parts of the surface convert to
—disorderedy-NH;, condensed Especially the first transi- 2X2. This behavior is quenched at 200 K which shows that
tion c(4x2)(clean—2x2(a-NH,) is exciting. Photoemis- the dimer flip needs thermal activation.

sion results prove that Nf-adsorbs with the N end down and
the Ge-N bond normal to the surface. At 255 K, the transi-

tion to the 2<2 periodicity is completed at a coverage of ACKNOWLEDGMENT
only 0.04 ML, far below; ML saturation. We favor a model
implying NHj; island formation with a local change to<2 The project was supported in part by the Sonderfor-

periodicity due to dimer flip of every second dimer row. This schungsbereich 296 of the Deutsche Forschungsgemein-
flipping seems to continue dominolike beyond the islandschaft.
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