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Abstract. We have calculated the energy differences between the four membersofthe2 X t
family (b(2 % 1), ¢(4 % 2), p(2 X 2) and p(4 x 1)} of the Ge(001) surface by taking only
electrostatic interactions between the dimers into account. We have found that p(2 x 2) is
the lowest-energy reconstruction at zero temperature.

The phase transitions from ordered p(2 X 2) to disordered (2 % 1) and ordered ¢4 x 2)
to disordered (2 x 1) are discussed using our energy calculations, the mean-field approxi-
mation, the Ising model and Onsager's exact solution. A second-order phase transition is
found at about 200-250 K from ap ordered p(2 X 2) (c(4 x 2)} dimer reconstruction to a
disordered (2 X 1) dimer reconstruction assuming a charge transfer of 0.08¢ between the up
atom and the down atom of the asymmetric dimer.

1. Introduction

There has been considerable theoretical and experimental interest in the electronic and
geometric structure of group IV semiconductor surfaces. The germanium and silicon
(001) surfaces are the simplest and yet still controversial systems, which have been
investigated for about 30 years since Schlier and Farnsworth [1] first provided evidence
for top-layer atom pairing, leading to a (2 x 1) reconstruction. Recently the Ge(001)
surface has been investigated using scanning tunnelling microscopy (sT™) [2]. An asym-
metric dimer reconstruction is observed that does not require vacancy-type defects for
stabilization at room temperature. Regions of local (2 X 1), ¢(4 x 2) and p(2 X 2)
symmetry are found and the atomic positions in these regions are modelled using
different arrangements of asymmetric buckled dimers. The dimers are thought to be
asymmetric in the sense that the dimer bond axis is not paraliel to the surface plane: one
atom moves away from the surface, while the other moves in [3-5]. Lambert et a/ [6],
using He diffraction, report c(4 x 2}and p(2 X 2} symmetriesat 7 < 150 K in agreement
with the work of Kevan [7], who observed a low-energy electron diffraction (LEED)
diffraction peak indicative of either p(2 x 2) or ¢(4 x 2) at 220 K. However, this dis-
agrees with the results of Culbertson et al [8], who report only c(4 x 2} diffraction
patterns at low temperature. Rich et af [9] experimentally estimated that the charge
transfer between the dimer atoms of Ge(001) is not more than 0.1e. For the closely
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Figure 1. Reconstruction geometries of the
LA * ¢+ € Ge(001)surface for the (2 x 1) family. The tilting
« k2 + ¢« =+ ¢ of the dimers is 14° [4]: their length is 2.45 A
I + € 4+ ¢ 14, 13). The character of the dimers (tilt angle
e 3« 3 4+ ¢ o « and bond length {3, 4, 13}) is the same for all
asymmetric dimer reconstructions. The surface
c(4x2) pldx1) lattice constant i is 4.00 A,

telated Si(Q01) surface the charge transfer between the down atom and the up atom has
been estimated by Chadi [10] (0.36e), Rich et ai [11] (lass than 0.1} and very recently
by Ong and Chan [12] {(.11e-0.16e).

Ab initio calculations of the total energies of the Ge(001) reconstructions have been
performed [3, 4]. showing that p(2 X 2) and c(4 x 2} are the lowest-energy recon-
structions being nearly degenerate inenergy. An earlier calculation [5] using an effective
spin Hamiltonian and tight-binding calculations essentially yields the same result for the
Si(001) surface. The apalogy to an Ising spin system is obvious; the ordered (2 x 1)
structure corresponds to the ferromagnetic phase, while the ¢(4 x 2) structure coi-
responds to the antiferromagnetic phase (figure 1}.

Itis the aim of the present paper to show that the p(2 X 2) reconstruction is evidently
lower in energy than the ¢(4 X 2) reconstruction at zero temperature. We shall show
that the energy differences between the four members of the (2 % 1) family of the
Ge{001) surface can be calculated by taking only eiectrostatic interactions between
the asymmetric dimers into account. Furthermore the transition temperatures for the
ordered p(2 X 2) to the disordered (2 X 1) reconstruction and for the ordered c(4 X 2)
to the disordered (2 x 1) reconstruction are calculated. The phase transition tem-
peratures are in very good agreement with experimental data [7] assuming a charge
transfer of about 0.08e between the down atom and the up atom of the asymmetric
dimer.

2. Calculational procedure and results

We compute the electrostatic energy for four members of the (2 x 1) family of buckled
dimer reconstructions (figure 1). The asymmetric dimer model is used [2-4]; pairs of
atoms at the surface relax by dimerization into an asymmetric configuration. Associated
with the asymmetric dimer are two characteristic surface states: one filled (D,,;) and one
empty (Dyema)- This can also be seen as a net charge transfer [9] from the lower to the
higher part of the dimer and this corresponds to a dipole of length 2.45 A and a tilt angle
of 14°[3, 4, 13, 14]. Theoretical calculations [3. 4] indicate that the dimer tilt angle and
that the dimer bond length are approximately the same for all different members of
the (2 % 1} family; therefore the energy differences between the reconstructions are
determined by the ordering of the dimers only. Our basic building block, the asymmetric
dimer or dipole, contains two Ge surface atoms and has two possible orientations [14].

The energy difference 6 U between one configuration and another can, for symmetry
reasons. be found by switching one and only one dipole of the surface celt, at a time.
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Table 1. Energy differences of the (2 x 1) family symmetry configurations of the Ge{001)
surface. (" < 0.1[9].) Data taken from [3, 4, 14, 13].

Energy difference (eV/dimer)

Reconstruction [15] £3] [4] This work
b(Z % 1) 0.000 0.00 0.000 0.00

o4 % 2) —0.066 ~0.05 -0.066 ~1.95r7
p(2 x 2) =-0.070 -0.069 —2.251*
pl4 x 1) 0.036 0.035 3.23r°

The non-switching dipole will be denoted p) and is located at the origin. The electric
field £,(0) at the origin caused by the other dipoles, located at r,, is treated as follows. If
|r;] exceeds R, which in our calculations is about 240 A, the dipoles are point like;
otherwise the dipoles (also p,) are replaced by two discrete charges, ¢ and —g. Since the
(2 x 1) reconstruction is used as the energy reference, the following expressions will
yield the energy differences U(n X m), where (n X m) indicates the reconsiruction:

SU = Ul(n x m)] = UJ(2 X 1)) )
-L L
U= - EPU'E;‘(‘))_QEV:T‘*'QZ V;‘E (2)
>R Iril <R Jri<R
p=ql = Tel (3)
E(0) = (1/4mey) {[Gr;-p) /I P10 — pfiri P} (4)
V.(x)=q,/4meq|r, — x| x=-Ll2orx=Lj2 (5)

where L is the dimer length, T is the charge transfer from the down atom to the up atom
of the asymmetric dimer and g is the permittivity of free space (8.854 x 1072 Fm™).
E{0) is the electric field caused at the origin by a dipole p, at r, and V, the corresponding
electrostatic potential. The summation runs over all surface lattice sites with the excep-
tion of the origin. Since the ordering of the energy differences has to be the ordering of
the total energy, the energetically favourable reconstruction at 7 = Q0 K can be found.

Table 1 shows the energy differences 6U(n X m) in electron voits per dimer. The
physical reason why the p(2 X 2) reconstruction is lower in energy than the c(4 x 2)
reconstruction is because an in-phase ordering of adjacent rows of dipolesisenergetically
preferred to out-of-phase ordering. So the ordering of the energies of the different
reconstructions relative to each other can be understood on the basis of electrostatic
arguments only. The alternation of dimers along a row makes the p(2 x 2) and c(4 % 2)
symmetry reconstructions lower in energy than the b(Z X 1) and p(4 X 1) symmetry
reconstructions.

Assuming a charge transfer of about I' = 0.15 for the Ge{001) surface we get essen-
tially the same results as the ab initio calculations of Needels et af [3, 4] and Payne et al
[15]. (Rich er af [9] estimated a lower charge transfer: I' < 0.1.) It is interesting 10 note
that the results of the closely related Si{001) surface [ 5] are essentially the same (b(2 % 1),
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OeV/dimer; c(4 x2), —0.031eV/dimer; p(2x2), —0.036eV/dimer; p(4 x 1),
0.036 eV/dimer).

3. Phase transitions

With increasing temperature T the phase transitions of the Ge(001) and Si(001) surfaces
occur from ordered reconstructed phases to the disordered (2 x 1) reconstruction [6—
8, 16-18]. In this paper the phase transitions from ordered ¢(4 X 2) to disordered (2 X 1)
and from ordered p{2 x 2} to disordered (2 x 1) are considered. Qur basic approxi-
mations are summarized as foliows.

(i) Different reconstructions tesult from different arrangements of asymmetric
dimers which are the building blocks of the surface in this model.

(i) The electrostatic differences for the four members of the (2 X 1) family are
calculated using our dipole model [14].

In the case when we map the different reconstructions of the Ge(001) surface onto
the spin Ising Hamiltonian, we also have the following approximation.

(iii) The possible orientations of the asymmetric dimer are represented by the two
possible states of a spin [5, 16]. For the Ising spin s, , = *1 corresponding to these
orientations (here x, y denote the lattice sites in the x and y directions) the dimer lattice
converts to the rectangular Ising lattice.

Ihmeral[5] showed thatinteractions of at least three nearest-neighbour coordination
spheres must be included in the effective spin Hamiltonian for Si(001). Thus, the
model Hamiltonian describing the reconstruction of Ge(001) {16] and $i(001) can be
represented as (figure 2)

H= -1 Esx.ylul(gx——l.y + Sx-é-l.y) + UZ(Sx.y—i + Sx.y-i-l)
Xy .

Sy y-1 F oyt T Saiy-1 T Sraryer)
+Jl(sx-2.}' +Sx+2.y) +J2(Sx._v-2 +Sx.y+2)] (6)

where the summation istaken over all lattice sites. In comparison with [5], two additional
terms with J, and J; are taken into account. They correspond to interactions between
second-nearest neighbours along the x and y directions. The terms involving
SrSxp+ 1Sx4 1,5x+ 1,y +1 I0tETACtions contribute equally to the total energies for all four
symmetries and are initially set equal to zero (the same holds in principle for J, -+ J.).
To obtain the relations between the interaction constants, the mean energies E, =
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Table 2. Total energies for the (2 x 1) family of the Ge(001) surface {per spin in the
Ising model and per dimer in the dipole model)., The disordered non-buckled (2 X 1)
reconstruction is taken as the zero of energy. .

Phase notation Energy
Lsing model Dipole model
Magnetic Structural (perspinj ( per dimer)
Ferromagnetic b2x1) —p—e,—-2u-(J +J) 0.6450?
Antiferromagnetic c4 x2) vty =2 ~(J 0 —1.3097
Layered antiferromagnetica p(2x2) - +o,+2u—(J,+J) —1.610I°

Layered antiferromagnetick  p{4 x 1) o — o+ 2u=(J;+ J3) 3.86802

{H of various ordered phases at 7= 0K should be compared. The energies of four
ordered structures are presented in table 2, The T = 0 K values of vy, v, and # can be
derived from the energy differences of the four configurations in the dipole model (v; =
882I% meV, v, = —1857% meV and u = 36672 meV). As can be seen by the relative
magnitude of v;, v, and u, the strongest coupling between dimersis along the rows. (The
sumJ, + J, = —402'> meV does not depend on the energy differences between the four
members of the {2 x 1) family; see table 2.)

Theoretical calculations [4, 3, 16, 17] predict that a second-order phase transition
occurs between layered antiferromagnetic (p(2 X 2) [5]) or antiferromagnetic (c(4 X 2)
[16, 17}) to a paramagnetic (disordered) phase at roughly 380 + 100 ¥ for Ge(001) [4]
and 250 K, for Si(001) [5, 17]. This conclusion agrees with the sTM work of Kubby et al
[2]. who showed that domains of b(2 X 1) and p(2 X 2) coexist with c¢(4 X 2} at room
temperature for the Ge(001) surface, Zubkus and Tornau [16] considered the phase
transition from the disordered (2 X 1) phase to the ordered c(4 % 2} and p(2 X 2)
phases using the mean-field approximation. The transition temperatures T (p{2 X 2)t0
disordered (2 X 1)} and Ty, (c(4 x 2) to disordered (2 X 1)) using the equations derived
by Zubkus and Tornau [16] and our interaction constants are given by

KT\ =200y — vy — 2u +J, + Jy) = 3.2(eT)

(Ty. = 237K T = 0.08) )
kT?_c -:2(_01 - D3 +2H+Jl +12)=2.6(er)2
(T = 192K T'=0.08). (@)

As an example we have substituted a I'-value of 0.08 [9] into equations (7) and (8),
resulting in transition temperatures of 200-250 K (in all the phase transition tem-
peratures given below we have substituted this I-value of 0.08). When we include only
nearest-neighbour interactions (v, v,) the exact solution of Onsager can be used giving
a phase transition temperature of about 221 K (see appendix 1).

We shall show below that it is not necessary to map the energies of the four different
asymmetric dimer reconstructions onto the Ising spin Hamiltonian. The simplest
approximationistocalculate the energy to flip one dimer in the odrered low-temperature
reconstruction, to keep all the other dimers fixed in their ordered reconstruction [7] and
to compare this energy with &T. The energy to flip one dimer in the dipole model of the
ordered p(2 % 2) (c(4 X 2)) results in roughly the same phase transition temperature:
Ty, = 281 K (T, = 239 K) compared with the results of the Ising spin phase transition
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temperatures. The mean-field approximation can also be used directly in the ferro-
electric-antiferroelectric case. resulting in the following phase transition temperatures:
T\ =239 K and T, = 195 K (see appendix 2}.

Summarizing we can say that all models (mean-field approximation, Onsager's
exact solution and a simple dimer flip) give approsimately the same phase transition
temperatures. Assuming a charge transfer of about 0.08e [9] the predicted phase tran-
sition temperatures are in good agreement with the LEED measurements of Kevan {7],
which indicate that a second-order phase transition fromorderedc(4 x 2) (andp(2 x 2))
to disordered (2 X 1) takes place at about 220-260 K for the Ge{001) surface.

4. Conclusions

We have calculated the energy differences of four different asymmetric dimer recon-
structions of the Ge{001) surface at zero temperature. We have shown that by computing
the electrostatic energy of the dimers of one layer we get essentiaily the same results as
emerged from the ab initio density-functional calculations of Needels et af [3, 4], Payne
et al [15] and from the total-energy renormalization group approach of Thm et af [5] for
the Si{001) surface. However, these workers state that the difference between the
p(2 x 2) and ¢{4 X 2) asymmetric dimer reconstructions is within the uncertaiaties in
their calculations, whereas we believe, on the basis of our calculations, that the p(2 x 2)
is essentially lower in encrgy than the c(4 X 2) reconstruction. From our cnergy cal-
culations we derive coupling parameters for a simple two-dimensional Ising spin model
for the asymmetric dimers and predict a phase transition temperature of 200-250 K for
ordered c(4 % 2) or p(2 X 2)to a disordered { paramagnetic) {2 X 1) phase (assuming a
charge transfer of 0.08e [9]), in agreement with experimental data and other theoretical
calculations. Within the dipole model, use of the mean-field approximation results in
approximately the same phase transition temperatures.

Appendix 1
The exact Onsager solution in two dimensions {only the nearest-neighbour interaction)
is given by (we have assumed a I'-value of 0.08) [19]

1 =sinh(2{o, |/kT,) sinh(2}w, |[/kT,)

1 = sinh(7, = 221 K, 130.9/T,) sinh{275.6/7,)

Appendix 2

The following equation can be derived:
U=-2p, ‘E;

with ’

Ej' = (1/4:"(50)[(3"1; 'pj).'"lrlj Is]ri/ - p,l."'rlrﬁ |3'
2

py= tanh(z P 3cos & - I(P})

T 2me|n|? kT




Ge(001) surface 415

andp = %1 give

L
kT, = 2—-—
T 2mey|n)?

The following antiferroelectric (p{2 % 2} or c(4 X 2)) to paraelectric (2 X 1) phase
transition temperatures are obtained: 7). = 239 K and Ty, = 195 K.

2
(3cos? a; — 1).
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