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Theory of epitaxy at finite temperatures: An application to orientational phase transformations
on reconstructed Au001) surfaces
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A new finite temperature epitaxy theory has been introduced which allows us to study epitaxy in systems
with nonadditive many-body potentials in finite temperatures. This method is applied to hexagonally recon-
structed A001) surfaces. We find rotated domains on the surfaces with rotation aggles2°, 0.86°, and
1.14°, depending on cluster size and shape. These rotated domains undergo orientational phase transformations
at temperatures below the melting temperature. We predict that the orientational phase transformations may be
accompanied by a reconstruction pattern transformaf®®163-182@08)05915-3

Epitaxial growth has been accomplished experimentallytion. Here the coherent lattice-matching situation occurs
in a large number of systems including lattice-matched andvhen lattice constant ratié, (=b,/bs) becomes a rational
mismatched systenis® Recent advent of experimental tech- number in a one-dimensional interface whégeand b, are
niques has made it possible to observe the structure of epiattice constants of overlayer and substrate lattices, respec-
taxial systems in microscopic level and various physical phetively (for two-dimensional interfaces, it also depends on
nomena on such systems. A number of theoretical efforts iRelative orientationd). At zero temperature with two-body
the literature has been made based on phenomenologicadiditive potential, obtaining an epitaxial configuration is re-

models}® numerical ~simulationS and ab inifio  guced to finding minimum overlayer-substrate ~(s)
calculationg However, in many cases, these methods are NGhieractiod which can be  written as V..
able to predict satisfactorily the energetics of epitaxy, espe- as

cially as a function of system size and temperature. The size >&->6V6(éc) on,.6(|6— &), where a set of G} are two-

of systems and simulation times that can be studied by gimgnsional(ZD) su_bstrate surface reciprocal Ie_lttice vectors,
numerical simulation or aab initio calculation are much too V¢ is the 2D Fourier transform of the interaction potential,
small to be realistic. On the other hand, phenomenologicaNa is @ number of the overlayer atoms, add_¢ is a &
models can handle much larger systems but have been linfiunction in the limit ofN,— . However, in a more realistic
ited to zero-temperature calculatifmigid mode). Moreover, = model with nonadditive interaction potential, the free energy
they have employed the two-body additive interaction poteneannot be written in a simple form as above. Furthermore, in
tials that cannot predict an accurate surface enéagy ep- finite temperature calculations, the magnitude of the coherent
itaxial energy at the same toKertHere we present a compu- matching peaks are temperature dependent. Thus epitaxial
tational method which allows a systematic calculation ofconfigurations at finite temperatures may differ significantly
epitaxial energy of large-sized commensurate and incomfrom the zero-temperature one. Although a quantitative un-
mensurate systems in finite temperatures. This technique gerstanding of thermodynamic behaviors of the epitaxial sys-
then applied to A(D01) surface reconstruction. We find ro- tems is very important for epitaxial growth, no clear-cut the-
tated domains with rotation anglés-0.72°, 0.86°, and 1.14° oretical scheme utilizing more accurate nonadditive many-
due to epitaxial matching effects. The rotated domains unbody potentials at finite temperatures has emerged.
dergo phase transformations at temperatures below the bulk In this paper, we introduce a theoretical method to study
melting temperaturd ,,. We predict that these phase transi- epitaxy at finite temperatures that addresses the issues raised
tions may be accompanied by a reconstruction pattern transgtbove. The assumptions in this method are the followihy:
formation from(5Xm) to (5Xm’) wherem andm’ are in- lattice structure is maintained at all temperatures below the
tegers between 20 and 30. These findings are, to the best ofelting temperature although the lattice can be expanded,
our knowledge, the first comprehensive theoretical prediceontracted, and distorted homogeneously; @effects due
tions of the rotated domains and their phase transformation$o local lattice defects such as vacancies, interlayer atomic
An epitaxial configuration is obtained when free energy ofmixing, and local distortion are negligibi&owever, global
the system is minimum at a coherent lattice-matching situahomogeneous lattice distortion, and sinusoidal corrugation
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and buckling are allowed Clearly, there are many local lat- . .

tice defects, intermixing, and surface roughening in a real ®in=Pa(02) + 2 [V6(2)+ T 3(Z,paz)1Aa(Na,ba, G, 0)

system. However, effects of these irregularities on average ¢

interfacial energy are much smaller than the lattice-matching L.

effects which will be added up coherently at an epitaxial + 2 TR(z,ps9As(Ng,bs, K, — 6), 3

configuration.(Otherwise the system may be too rough to be K

an epitaxial system.In actual calculations these irregularity .

effects are partially included by introducing two adjustablewhereK, Ng, andz are the two-dimensional surface recip-

parameters. As an example, we study(@@) surface recon- rocal lattice vectors of the overlayer lattices, the number of

struction and orientational phase transformations on the rehe substrate atoms, and the interface layer distance, respec-

constructed surfaces. However, our methodology is quitgvely. The q)a(Ba) is interaction energy between atoms on

general and can readily be applied to any epitaxial systemsan isolated overlayeii.e., without the substrate latticeThe
The stable equilibrium configuration of a system at a fi-p,, (p<J is the local electron charge density at an atomic site

nite temperature can be found by minimizing free energy obf the isolated overlayefsubstratglattice. The functiong ,

the system. The total free energy of an epitaxial system igndA; are the geometric functions which depend on size and

written as geometry of the overlayer cluster. The geometric functions

for various overlayer geometries can be found in Ref. 5. The

function T'g(z,paa) is written as T'g(z,paa)

=p&(D =1 (I EV[ paal[S6:p6:(2)]' L, where the su-

perscript () in the functionalE[ p] denotes théth deriva-

WhereF(sVib) , (I)51 ngib)' andd)im are vibrational free energy tive. The F,Z(Z,pss) is written in the same manner. These

of the substrate, static interaction energy of the substratdunctions are due to the nonadditivity of our interaction po-

vibrational free energy of the overlayer, and static interfaciatential and, thus, did not appear in the previous additive po-

energy, respectively. The vibrational free enerdié€® (b) tential model calculation$.Further details of this method

. - . will be discussed elsewhet®.
=ksTZg oIn{2sintifiw,(kb)/2ksT]} can easily be calculated  Aq 5 application of this technique we study thermal be-
as a function of corresponding lattice constants within th

. . imatid . haviors of reconstructed A001) surfaces. The EAM type
guasiharmonic approximationvherekg is Boltzmann con- “glue” potential*® is used for the interaction between Au

stant,o is an index for phonon modes, awrg,(k,b) is the  atoms. The hexagonally reconstructed (@@d) surface is
phonon frequency of the appropriate lattice. particularly interesting because of the following reasdfs:
The static energy of the substrabe is interaction energy the top-most layer can be treated as an epitaxial layer in a
between the substrate atoms when no overlayer is preseméttice-mismatched interfacé€?) existence of the rotated do-
and can be calculated using the embedded atomic methaflains on the reconstructed surface must be clarified theoreti-
(EAM) -type many-body potentiaf:** cally; (3) the experiments have predicted orientational phase
transition$® but no clear theoretical explanation has been
made. It is well understood that a A01) surface recon-
struct to the(5Xm) hexagonal layer whenma varies between
20 and 30. The top-most layer is contracted about 3.5%,
slightly distorted, and buckletbut still shows epitaxial na-
. ture. Some x-ray experimertshave predicted the rotated
whereN, Ei[p], p(ri), andVj;(r;;) are the number of atoms, gomains with rotation angl#~0.5°, 0.8°, and 1.0°. These
a universal energy functional for theh type of atom, alocal  jomains undergo a phase transition aroufe 0.75T,,.
electron charge density at the position of ffie atom from  However, other experimertsusing an electron microscope
neighboring atoms, and a two-body repulsive potential, reéhave found a sheared lattice structure that might appear as a
spectively, and; =|ri—rJ—|. In a homogeneous substrate lat- rotated domainlike image in an x-ray experiment. There are
tice all the substrate atoms except the ones in the interfadémited numerical molecular-dynamics simulattdmnd phe-
have the same interaction energy and, consequently, the subemenological studié in the literature. The numerical
strate static energ® s becomes just the number of substratesimulation study is limited to a very small system size, and
atomsNg times the interaction energy of each substrate atonthe phenomenological theory is based on a parametrized
U;. two-body potential at zero temperature in the limit of an
For the atoms in the interface, the interaction potentiainfinite size system. Thus a more comprehensive explanation
cannot be readily summed up to calculate the static interfais necessary to understand the underlying physics of this sub-
cial energy®;,.. To calculate the static interfacial energy we ject.
use the same method that has been employed in the zero- To obtain a stable equilibrium configuration of a (@01
temperature calculations with the two-body additive interac-surface we first examine various overlayer lattice structures
tion potentials’ In this method we utilize the lattice period- at T=0 K. The hexagonal overlayer gives a lowest energy
icity, and the charge density and the two-body potential areonfiguration. A limited sinusoidal corrugation is accommo-
written in terms of Fourier series. Using these Fourier serieslated by considering the hexagonal overlayer mesh as two
and the fact that the energy functioriglis written in a form  interpenetrating rectangular lattice meshes: the atomic posi-
of a spline fit®!! (all we need here is aBxpandable func- tions are (b,x.jbay), wherei(j)==1,£3,..., £(2n,
tion), the ®,,; is written as —1) [=(2n,—1)] for one rectangular mesh; and(j)

F(»[Ot): F(svib)+q)s+ ngib)+(1)int, (1)

I
Ui:Ei[P(ri)]+§2 Vii(rij), (3]
IEal
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=0,£2,+4,...,%£2n,(*2n,) for the other. The former
(2nyX2ny) mesh is 6z above the other (2+1)

0.98

X (2ny+1) mesh. Thelf, ,,b, ) is a primitive lattice con- 0.97 0.97F

stant vector of the hexagonal overlayer lattice. The height of _

the overlayer atoms are eitheor z+ 6z alternatively(hence 0.96 096

the name of the limited sinusoidal corrugatioh). More

general corrugation can be accommodated by dividing the 095 ‘ 0.95

hexagonal lattice into a larger number of the rectangular 0.94 Sy A 094' A
meshes. However, for the sake of simplicity, we include this 45 05 05 15 45 05 05 15
general corrugation effect in two adjustable free parameters p(deg) p(deg)

that will be introduced in a later paragraph. Here the normal
to the surface is defined as theaxis, and thd 10] direction
of the square lattice and tHé&1] direction of the overlayer
[along the “5" direction in the(5Xm) reconstruction pat-
tern] are chosen to bg axes of the substrate and the over-
layer, respectively. ] ) ]
The vibrational frequency of the substrate is calculated@yer distancez, and the corrugatioz, we obtain a stable
considering the overlayer as a laterally unifotaveraged €quilibrium configuration at a given temperatureand the
over the layerexternal charge and potential bath at the staticsubstrate lattice constaht .
equilibrium distance. The finite-size effects of the overlayer In Fig. 1 we show the contour plots of the interfacial free
in the vibrational frequency are also neglected. We expeoenergyFi(rﬂct’t) as a function of the lattice constant ratjg (=
that the error involved in this approximation is less than fewb, ,/bs ) and the relative orientatio® at T=300 K for:
percents, and mostly on the high-frequency region where n,=10, n,=40 (~80x230 A in (a), andn,=38, ny=152
the contribution to the free energy is less significant. Simi-(~310x880 A) in (b). The best values for the other param-
larly the vibrational frequency of the overlayer lattice is cal-eters arez=2.14 A, 6z=0.1 A, £,=0.951 for then,=10
culated considering the substrate as an external bath at layesnfiguration, and=2.136 A, 5z=0.1 A, £,=0.957 for the
distancez. In this way the frequency depends only on then,=38 configuration. The minimum free energies per over-

lattice constant®, , b, andz. The substrate lattice constant layer atoms are found to be3.965 eV forn,=10, ny=40

bs is calculated as a function of temperature by minimizingcluster and—4.132 eV forn,=38, n,=152 cluster. A gen-
the substrate free energy, and thermal expansion similar ral feature in these figures is that the hexagonal overlayers

FIG. 1. The contour plots d&!'%Y as a function of the overlayer
lattice constant rati@, and the relative orientatiofl at T=300 K
for (a) n,=10,n,=40(80x230 A); (b) n,=38, n,=152(310x880
A). The darker area represents the lower free energy.

the previous study is found. are contracted and slightly distorted, i.e., the contraction ra-
For the interpenetrating rectangular overlayer mesh th&0S are about 3.3%¢=0.967 and 4.3% €,=0.957 in the
interfacial free energﬂﬂ?t) is written as x andy direction of then,=38 configuration, respectively.

The contraction ratios for the,=10 configuration are 2.9%
(£x=0.97]) in thex direction and 4.9% §,=0.95]) in they
Fi(rt]?t): @a(ga) + ngib)(Ba 2o, T) direction. An mteresjung feature in this figure is that a rotated
phase = *=0.86°) is a stable phase for the larger cluster
, N [Fig. 1b)]. We find three rotated domains with rotation
+2 T§(Ze paa) Ar(20+ 1,20, +1Db,,G, ) angles #~+0.72°, +0.86°, and +1.14° for cluster size
¢ n,=35 (=285 A). This rotation angle is found to be related
, . to the overlayer contraction ratio and, hence, the reconstruc-
+Z I'5(Zet+ 62,paa) AR(2N4,20y by, G, 6) tion pattern, i.e., for instanc#=0.72°, 0.86°, and 1.14° cor-
G respond to(5x28), (5X23), and (5X18) patterns, respec-
off eff & 3 tively. Similar relationship has been found in the two-body
+2 Tk(ze, mpsd Mr(nS" 5" .Bs K, = 6), (4 jnteraction potential model calculation at zero temperatiire.
K Since the size of the overlayer cluster may affect the contrac-
tion ratio, the rotation angle differs in different overlayer
where T'é(zeypa)ZVéJrFé(Ze,Pa), ze=z+2z, is the geometry. In experiments there are many clusters with dif-
effective layer distance, anmiﬁnsﬁ) is a number of the ferent shapes and sizes on a(@od) surface. Thus all these

substrate atoms that are within interaction range of the oveffé€ rotated domains as well as the unrotated domain are
. . - = expected to be observed simultaneously at low temperatures
layer. The geometric function Ag(ny,n,,b,G,6)

S in an experiment. Our calculated rotation angles are slightly
= [sin(np)/sinp][sin(ya)/singlexp(G ro), where  p  |arger than experimental valués0.5°, =0.8°, and+1.0°).%3

= (Cxcos#+Gysinb)bd2, q=(—G,sind+Gycod)b/2, and  we think this slight discrepancy is due to inaccuracy of the
ro is origin of the overlayer with respect to the substrate. interaction potential and/or the approximations in our model,
Here we introduce two free parametegsand z; that are  and can be improved by using a more accurate interaction
adjusted to beyp=0.935 andz,=—0.0285 A by comparing potential and/or including higher-order correction terms.

the interface energy and the interface layer distante a These rotated domains undergo the phase transformations
molecular-dynamics simulation result fc:;‘(zny:25.12 By from a rotated phase to another rotated phase or to an unro-
minimizing this free energy with respect to the overlayertated phase, as temperature increases. In Fig. 2 the interfacial

lattice constantsk(; x,b,y), the relative orientatiory, the  free energyFi(ﬁ,?‘) is plotted as a function of the relative ori-
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FIG. 2. The interfacial free energf(®’ for a n,=40 and n,
n,=160(325x925 A) cluster as a function of relative orientation . . ) .
at various temperatures. FIG. 3. The phase diagram for the orientational phase transi-

tions. Heren,=4n, . The lines are guides to the eye.
entationd for n,=40 cluster at temperatures between0 K

and 1100 K with 100 K increment. There are two phaseperature below the bulk melting temperature, since a typical

transformations in this figure: one frof=1.14° t0 0.86° at  sjze of terrain on the surface has been measured to be larger
T~300 K, and the other fron#=0.86° to 0.0° af~800 K. than 300 A in the experiment& The transition tempera-

The transitions seem to be first-order transition but our CUryre varies with the cluster size and saturates,at90 to a

rent calculation is not able to predict the exact type of th§emperature close to the melting temperature. Considering
transition. Since all three rotated domains coexist at low (Qn4¢ 4 typical cluster size in an experiment is few hundreds
intermediate temperature regions due to many different sizegngstrom, the experimental transition temperature 970 K is
and shapes of clusters on a surface, and the transition 100kgihin our predicted range but a direct comparison with ex-

more like first order, it may be difficult to observe the tran- perimental values is not possible due to a lack of experimen-

sition from one rotated domain to another rotated domain| gydies of size-dependent orientational phase transition in
(rotated-to-rotatedl in an x-ray experiment. As mentioned ¢ jiterature. Other shapes of clusters may show different

above the rotation angle is re_lated.to the reconstruction p?bhase diagramgfor instance, there is no rotated-to-rotated
tern and, consequently, an orientational phase transformatl%ase transformation in a square type clystert general
may be accompanied by a pattern transformation. We notgaqres are similar to the above. Further detail on this matter
here that choice of the free parameigmay affect the tran- il pe discussed elsewhet?.
sition temperature but the qualitative features does not |, conclusion we have developed a theoretical approach
change. _ _ in studying epitaxy in lattice-mismatched interfaces at finite
In Fig. 3 we plot a typical phase diagram that shows bothemperatures. An application of this theory to (801) sur-
the rotated-to-rotatedand the rotated-to-unrotatedphase  5ce reconstruction predicts correctly the experimentally ob-
transformations. The cluster in this diagram is a rectangulageyeq rotated domains. These rotated domains undergo the
shape whose atomic rows in thedirection are four times  ,jentational phase transformations accompanied by the si-
that in thex direction. For a cluster smaller tham~25 ) taneous pattern transformations at temperatures below

(~205x580 A) an unrotated phase is only a stable phase ahe melting temperature. Our predictions are in very good
all temperatures. However for larger clusters rotated phas%reement with the available experimekits.
are stable in the low temperature whereas an unrotated phase

is the stable one in the high-temperature region. Thus an This work was supported by the KOSEF through ASSRC.
experiment may observe the phase transformations at tenwe thank SERI for supercomputer time.

1see, for exampleEpitaxial Growth edited by J. W. Mathews 545 (1989; J. H. van der Merwe, Philos. Mag. A5, 127

(Academic, New York, 1975 B. A. Joyce, inMolecular Beam (1978; 45, 159(1978; S. M. Paik and I. K. Schuller, Phys. Rev.
Epitaxy and Heterostructuresdited by L. L. Chang and K. Lett. 64, 1923(1990.
Ploog, Vol. 87 of NATO Advanced Study Institute, Series E: ®A. Madhukar and S. V. Graisas, CRC Crit. Rev. Solid State
Applied SciencesPlenum, New York, 1985 J. A. Venables, Mater. Sci.14, 1 (1988; A. Kobayashi and S. Das Sarma, Phys.
Vacuum33, 701(1983. Rev. B37, 1039(1988.
2See, for instance, various articles in MRS B@&ll(1988. 7S. M. Paik and S. Das Sarma, Phys. Re\3® 1224(1989; M.
3For a comprehensive list of epitaxial systems, see Enfzaum, Schneider, I. K. Schuller, and A. Rahman, Phys. Rev. I55t.
in Epitaxial Growth(Ref. 1), p. 611. 604 (1989; Phys. Rev. B36, 1340(1987.
‘A, Kobayashi and S. Das Sarma, Phys. Re\B338042(1987); 8y, Qian, M. J. Bedzyk, S. Tang, A. J. Freeman, and G. E.
R. Ramirez, A. Rahman, and I. K. Schullghid. 30, 6208 Franklin, Phys. Rev. Let3, 1521(1994).
(1989; L. A. Bruce and H. Jaeger, Philos. Mag. 28, 223 9 W. Jones and N. H. Marcf;heoretical Solid State Physi¢®o-
(1978; L. W. Bruch, Surf. Sci250, 267 (1991). ver Publication, New York, 1985Vol. 1, p. 236.

5J. H. van der Merwe and M. W. H. Braun, Appl. Surf. S22/23 10M. 1. Baskes, Phys. Rev. B6, 2727 (1992; M. |. Baskes, M.



57 THEORY OF EPITAXY AT FINITE TEMPERATURES. ..

Daw, B. Dodson, and S. Foiles, MRS Bull3, 28 (1988.

IE. Ercolessi, M. Parrinello, and E. Tosatti, Philos. Mags&\ 213
(1988.

125, M. Paiket al. (unpublisheil

13G, M. Watson, D. Gibbs, D. M. Zehner, M. Yoon, and S. G. J.

Mochrie, Phys. Rev. Letf71, 3166(1993; S. G. J. Mochrie, D.
M. Zehner, B. M. Ocko, and D. Gibbiid. 64, 2925(1990; K.

Yamazaki, K. Takayanagi, Y. Tanishro, and K. Yagi, Surf. Sci.

199, 595 (1988.

1D, N. Dunn, J. P. Zhang and L. D. Marks, Surf. S260, 220
(1992.

15%. Q. Wang, Phys. Rev. Let67, 3547(1992.

10 119

16y Okwamoto and K. H. Bennemann, Surf. St7.9, 231(1987).
"The first-order correction term due to the lateral periodicity is an

order of ~ a|k|b where «=0.0567 for a typical lattice; A. A.
Maradudin, inPhysics of Phongnedited by T. Paszkiewicz,
Lecture Notes in Physics Vol. 28Springer-Verlag, New York,
1987, p. 82; B. Djafari-Rouhani and L. Dobrzynski, Surf. Sci.
110 129(198Y); for the finite-size effects, see for example, C.
Koziol, J. P. Toennies, and G. Zhang,Rmonons 89: Proceed-
ings of the Third International Conference on Phonon Physics
edited by S. Hunklinger, W. Ludwing, and G. Weié#&/orld
Scientific, Singapore, 1990p. 880.



