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Spin driving reconstructions on the GaA€001):Mn surface
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The scanning tunneling microscop$STM) experiment reveals a X2 surface reconstruction on
GaAg001):Mn. A comprehensive theory for spin-driven reconstructions is developed by the first-principles
methods: Mn incorporation results in two structural motifs to accommodate the spin degree of freedom.
Low-energy reconstructions are generally antiferromagnetic to preserve the semiconducting band gaps. The
gaps, however, decrease with increasing Mn coverage, leading to metallic surfaces. At one-monolayer cover-
age, the transition is complete. The calculated STM images agree with experiment.
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Understanding epitaxial growth of GaAsMn, a prototype|f we define the Mn coveraget(,,) = n/4, Mt oscillates be-
magnetic semiconductor is important for the development ofween 5ug/2x 2 for oddn and 0 for evem. Accordingly, the
semiconductor-based Spintroni'(:_ﬁ.On one hand, it is well |ow-energy surfaces also oscillate betwegmotif phases
known that a semiconductor surface, without Mn, is semifor odd n and -motif phases for evem, due to a strong
conducting by undergoing surface reconstructidrisvolv-  antiferromagnetic coupling for the lattéc) At low 6y, the
ing sp?,sp*,p? local motifs] as conveniently described by low-energy surfaces are all semiconducting, facilitated by a
an electron-counting=C) model? On the other hand, due to universal antiferromagnetic coupling wherever possible. This
its active localizedd-orbital, Mn atoms prefer a rather com- explains, in accordance with the EC model, why the calcu-
plex pattern of coordination in elemental bulk Ma metal  |ated surface energies are low,0.1 eV/(1xX 1)/Mn. (d) At
and an eightfold-coordination in MnAg semimetal® A higher Mn coverages, however, the band gap closes and all
central question arises as to what drives the surface recon-
struction when Mn is incorporated on the GaAs surfaces. Is
the surface stable against phase separation? How would mag-ReKeAulsiti
netic interaction affect surface reconstruction, and vice
versa? How does a semiconductor-to-metal transition take
place in such quasi-two-dimensional systems? So far, the
study of ferromagnetism in magnetic GaAsMn is focused
largely on bulk impurity/defect propertié8-*2A clear rela-
tionship has been demonstrated between magnetic properties
and impurities(e.g., substitutional, interstitial, and cluster
Mn) and/or native defect&.g., As antisites To control and
optimize the epitaxial growth of GaAsMn films so as to in-

(b) B motif

(d) & motif

it is essential to understand Mn-induced surface reconstruc-
tions. Recently, it was suggested that surfaces might play a
pivotal role in controlling Mn incorporation and site
occupationt® Yet, very little understanding has been devel-
oped for thi$*>*®or even for any other semiconductor sur-
faces involving transition-metal impurities.

In this work we show by combined theoretical and experi-
mental study that, despite the inherent complexity of the
magnetic surfaces, spin-driven reconstructions can be under-

stood W'th'n, a 'unlfled simple P'Ct““(a) Low-energy Mn FIG. 1. (Color online Four Mn structural motifs proposed for
surfaces exist in the form of simple structural motifs. They, . GaA€001):Mn surface. Largdblue), medium(red), and small
two basic Mn motifs established in this study are gwotif  (gree palls are the Mn, As, and Ga atoms, respectively. Contour
(interstitial in ansd®-like electronic configurationand they plots show total charge densities near Mn atoms, 10% below the
motif (“substitutional” in the sense that it replaces a respective maximum value. Lattice directions(ih apply to (a),
surface-Ga dimer in alsp’-like configuration, shown in  (c), and(d), but not(b) in which the[110] direction points into the
Fig. 1. (b) The low-energy surface structures correlate com-paper. Lines connecting atoms may not be the actual chemical
pletely with the total magnetic momerni¥i) of the unitcell.  bonds.
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the surfaces become metallic. The transition is complete a 0B
the 6y,=1 monolayer(ML).

Our calculations were performed using the density- E 0.4
functional  theor}® within the general gradient ¢
approximatioh’ and the Vanderbilt ultrasoft pseudopo- -% 02|
tentials!® as implemented in theasp code™® The Mn and &

Ga 3d states were treated as the valence and core, respe: 5
tively, and the cutoff energy in the plane-wave expansion is ©
171 eV. We used an eight-bilayer slab with at least four GaAs 2
bilayers, and the rest is the vacuum. Pseudohydrogen aton
are used to passivate the bottom of the slab. All atoms, ex
cept the bottom-layer Ga and H, are fully relaxed until the
force is less than 0.1 eV/A. We used x2x 1 mesh for the
Brillouin-zone integration. Using a 227-eV cutoff energy, or
having Ga 3 in the valence, yields changes in the relative
energy by less than 0.015 eV/Kll)/Mn, whereas for me-
tallic surfaces, using a6 1 mesh yields changes of less
than 0.002 eV/(X1)/Mn.

The energy of a surfaceS relative to the
GaAs(001)B2(2%x4) surface is defined as

=
o

= - X
Es=Eul(S) ~ Biol GaA$2(2x4)] FIG. 2. (Color online (a) Experimental line scan of the STM

—Ngalca— Nasttas— NvnMmin » (1) image obtained from an As-terminateckZ and 2<2 Mn coexist-

) ] ing area on the GaAB01):Mn surface. Note that the step height on
wheren; is the number of théth atoms (= Ga,As,Mn) be-  he Gaag001) surface, i.e., the distance between the neighboring
ing transferred from a chemical reservoir of eneggyto the  As (or Ga layers along thg001] direction, is 0.28 nm. The abbre-
GaAs(001)-2<4 surface to form the Mn surface. In general, viation DP indicates the depressed 2 area.(b) The experimental
i is a variable bounded below the chemical potential of theSTM image of the GaAs(001)-22:Mn surface at a bias voltage of
corresponding elemental solid, which for convenience is set-2 V (color code: bright is high and dark is Igwc) The calculated
to zero. LetAH:(GaAs) be the formation enthalpy of GaAs. STM image at the same bias for tj8g,., surface(color code: red is
One can sho® that under equilibrium high and blue is low

mea=AH{(GaAs — pas @ covers many more structures drawn from a combination of
and the four Mn motifs in Fig. 1(i.e., theB andy motifs plus the
a and 6 motifs where the Mn is substitutional with three and

AH{(GaA9 < u=<0. ©) two nearest neighbors, respectivend others that cannot
One can also show that be expressed by this set of motifs; different surface Mn/
Gal/As coverage, including surface vacancies; different spin
Mvn<MIN{AH{(MnAS) — ups,0}. (4) polarization; and different surface terminations, i.e., Ga-,
Otherwise, Mn will phase separate from the surface to forrﬁo‘s" and As double-layer terminated surfaces. Overall,. more
either bulk MnAs or bulk Mrét than eighty surface structures were calculated. We will use

GaAg00)) epitaxial layers were grown in a molecular th_e subscript(Imn) t_o indicate su_rface Mn/Ga/As coverage
beam epitaxy system and capped with an amorphous Awith respect to thedeal As-tgrmmateql(OO]).s.urface: for
layer. After loading into an UHV STM system, the As cap- €xample, B1q stands for adding one interstitial Mn to the
ping layer was removed by annealing at 440 °C, resulting irf\s-terminated surface.
high-quality 2<4 reconstruction. Deposition of a small ~ Figure 4 shows the calculated surface energy perl1
amount of Mn at room temperatuf®T) followed by anneal- area per Mn as a function of the As chemical potentig} .
ing at 390 °C leads to the appearance of depresse@ 2 Because our primary interest is in the incorporation of Mn
areas, 2.2 A lower than the originak areas, as indicated into GaAs, here we sety, at its maximum possible ther-
by the line scan in Fig. (@).?? Further annealing at 440°C modynamic value, i.e.uy,=AH{(MNAS)— uas for uas
enlarges the 22 areas at the expense of thex2 areas. >AH;(MnAs) anduy,=0 otherwise.

Figure 2b) shows a filled-state image at-a2 V bias. Sur- Opmn=1/4 ML. Here,M=5ug/2x 2 for all the cases in
prisingly, the 2<2 surface shows no apparent in-planeFig. 4a except forB,.1. The low-energy structures are the
atomic displacement, other than a regular vacancy array, isariousy phases. They motif can be viewed as having one
sharp contrast to thé001) surface reconstruction seen for Mn replace one Ga-Ga dimer on Ga-termina{édl). The
GaAs and other I1I-V semiconductofs. Mn assumes a nearly planar geometry wittisg?-like elec-

Figure 3 shows selectively the calculated low-energytronic configuration, as depicted in Fig(cL There is a gap
structures of the X 2 surfaces. The actual study, however, between the highest occupied molecular orkit#®MO) and
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FIG. 3. Top and side views of the calculated low-energy surface L
structures. Small black balls are the As atoms, large white balls are 06 -04 -02 00 -06 -04 -02 00
the Ga atoms, and large dark balls are the Mn atoms. Subscript Atomic Chemical Potential, i, (V)
refer to an As-terminated (001)>22 surface, thusy,o, represents
adding one Mn and one As-As dimes; o represents adding one FIG. 4. Calculated surface energies as a function of the As
Mn. B4 represents adding four Ga to first form a Ga-terminatedchemical potential: on the horizontal axjgas=0 corresponds to
surface, and then adding a Mayg, represents adding two Mn-As  the As-rich whereagu,s=—0.78 eV corresponds to the As-poor
dimers. B8,;.; represents replacing a surface As by a Ga and thegondition. The cusps at the vertical dashed line are a result of
adding two Mn.a,,, represents adding two Mn-Ga dimergsgg Eq. (4).
represents adding three MA,q., represents adding four Mn while

creating one As vacandylenoted by the dashed-line squares four Mn-As bonds, whereas the motif is merely a double

donor (2+), so the EC model holds at this particular Mn

the lowest unoccupied molecular orbit@lUMO) states of coverage.
about 1.0 eV, as measured at the specipbints used in the Ovn=1/2 ML. Here, both the3 andy phases are antifer-
Brillouin-zone sum. romagnetic(AFM), so Mt=0. The B,y phase has lower

The next low-energy structures are {B@hases where the energy than they,y, phase, in which two Mn atoms replace
Mn assumes an interstitial positioisee, for example, the all four surface Ga atoms. The energy difference between the
Bioo Phase in Fig. Bin ansd® hybrid. It has four As nearest AFM and the ferromagnetidFM) arrangements is 0.3
neighbors, as depicted in Fig(d). In 819, the Mn atom is  eV/Mn for the 8 phases, but is smaller, only 0.13 eV/Mn, for
located below the As-As dimers, whereas8ing (see Fig. 3,  the y phase. The AFM arrangement is favored here because
the Mn atom is located in the trough between the Ga-Gat allows for a gap between the HOMO and LUMO states,
dimers, and is hence with four Ga nearest neighbors. The.g., about 1.1 eV for thg phases and 1.0 eV for the
band gaps are 0.8 and 0.9 eV ®1o0andB14q, respectively. phase. In contrast in the FM arrangement, the spin-up

For conventional semiconductor surfaces, the existence dfOMO state is pushed up by about 0.5 eV with respect to
an energy gap lays the ground for the EC mddielwhich  that of AFM, whereas the spin-down LUMO state is pushed
each atom contributes a nominal fractional chargedown by about 0.3 eV. This results in a diminishing gap and
[=(number of valence electrpiinumber of bondg to each  hence higher surface energy. The large AFM energy ofgthe
of the shared and dangling bonds. To facilitate the energphases over that of the phases account for the switchover
minimization process dictated by this model, the chargeéetweeng andy. By comparing Figs. @) and 4b), we see
transfer occurs between atoms so that all shared bonds atitat two separate Mn in thg motif would like to form an
low-lying dangling bonds are fully occupied and all high- AFM pair with about 0.1 eV/Mn binding energy. As such,
lying dangling bonds are empty. Here, to a first-order apthe previous modétf regarding Mn incorporation via isolated
proximation, Mn provides twcs valence electrons to the B motifs should be reexamined.
(s,p-bonding network, leaving five electrons intact. Thus, Oun=73/4 ML. Here, as a result of the partial AFM ar-
the y motif contributes one-half of an electron to each of therangement of the Mn spin$/1=5ug/2X 2. The y3q0 phase
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has the lowest energy. Due to a strain effect, however, one dbnged annealing at 590 °C will destroy thex2 pattern.
the Mn atoms inysq has two Ga and two As nearest neigh- Growth kinetics is therefore important. Forming tBesur-
bors, instead of the four As nearest neighbors in Fig).1 faces during annealing is kinetically more feasible than
The gaps atfy,=3/4 ML are smaller than those dty, forming the others, because the former only requires the Mn
<1/2 ML, 0.8 eV forysp, and zero foiBsge. Evidently, the  diffusion on the surface and through the surface As-As
vanishing gap foBs is an important factor for the switch- dimers with a negligibly small 0.2-eV energy barrf@iMost
back fromg to . Also, surfaces with vacancies are energeti-importanﬂy’ the calculated STM image for tifi, ; surface
cally favored at this coverage, e.@s0.; with a Ga vacancy gt the —2 V bias in Fig. 2c) agrees with the experiment in
is more stable tha@s;., without the vacancy, which is, how- Fig. 2(b): The highest As atom is pushed upward by the
ever, not the case @y,<1/2 ML. ~ . underlying Mn by about 0.5 A. This translates into a de-
Omn=1 ML. Here,M;=0 and all the surfaces in Fig. ,esseqd area 2.8-6:2.3 A below the top surface, in good
4(d) are metallic, so the semiconductor-to-metal transition 'Sggreement with experimeri2.2 A). In contrast, the calcu-
complete aby,= 1 l.\/IL..Th_e. AFM energies for thg phases lated STM image for they motif (not shown is featureless
are smaIIer.but still significant, 0.1 eV/Mn, so they haVedue to its planar structure and, hence, disagrees with experi-
lower energies. Due to the metallicity, however, the energy ot
difference between different reconstructions is reduced with n .summary we have systematically studied spin-driven
Ir:;epz)ﬁecstutr?ggg<vthl\i/clzla il—hrfig?\nzzgl)c;v;f thé'_vlg't]’ Bdou:)r:e'—:%s.— reconstructions on GaAs(OOl)xZ:Mn. A struct_ural—motif—
Ab)], stea dily, decreases With . AtMi ML ' 5 Zoahas the based theory for_tranguon-metal—covered semlqondqctor sur-
Iowe’st energy at the As-rich Iir[\rq?t indicativé ofAI(ﬁe transition face reconstructions is deve]oped: The ”.‘agne“‘? Spins mani-
to MnAs epitaxy. ' fest them_selves_through_antlferromagnetlc couplings in order
S - to maintain semiconducting band gaps and hence low surface
.The experimental results in Fig(& shoyved that surfaces energies. However, afiy,,= 1 ML, the gaps close and the
with low Mn coverage are segregated into the £ areas semiconductor-to-metal transition takes place. The calculated

and the depressed2 areas that grow at higher Mn cover- STM images agree with experiment, revealing the identity of
age. To account for such segregation, one should COMPAIR .\ bearved 22 surfaces

the energy per unit argaer Mn, as in Fig. 4. Also, annealing

without an As ambient pressure usually results in the loss of S.B.Z. was supported by the U.S. DOE/BES and DOE/
surface As atoms. Hence, we will consider thg, (1/4 ML), EERE under Contract No. DE-AC36-99G010337 and by the
Bo1.1 (112 ML), y390 (3/4 ML), andB4o.1 (1 ML) surfaces at NERSC for MPP time. Work at IOP was supported by the
uas=—0.78 eV in Fig. 4. Although we have not been able togrants from NSHNos. 60021403, 10134080and MOST
experimentally determind,,,, it is highly likely that the (Nos. G2000067103, G001CB3095, 2002AA31115df
experiments were done for nonequilibrium surfaces, as prochina.
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