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STRAIN RELIEF AND Pd ISLAND SHAPE EVOLUTION ON THEPALLADIUM AND PALLADIUM HYDRIDE (100) SURFACES. V. Kolesnikov *, A. L. Klavsyuk, A. M. SaletskyLomonosov Mosow State University119991, Mosow, RussiaReeived Otober 7, 2011The mesosopi relaxation of small Pd islands on Pd(100) and PdH(100) surfaes is investigated on the atomisale by performing moleular statis alulations. A strong strain and stress inhomogeneity in islands andtopmost layers of the substrate is revealed. An unusual size dependene of the shape of islands is disovered.1. INTRODUCTIONThe mesosopi relaxation of small islands and theunderlying substrate atoms an play a ruial role inthin �lm growth. Numerous interesting phenomena arelosely related to relaxation e�ets. A fast island deaywas disovered in homoepitaxial growth [1℄. In-planelattie osillations were observed during the heteroepi-taxy and homoepitaxy [2℄. Experiments on atom move-ment on and near islands have shown the existene ofempty zones near the edges of islands [3, 4℄. Phenom-ena suh as borrowing of small lusters [5℄ and unusualmagneti [6℄ and eletroni properties [7℄ of surfaesand nanostrutures annot be ompletely understoodwithout taking the e�ets of mesosopi relaxation intoaount. From this standpoint, the understanding ofmesosopi relaxation is of great importane for devel-oping nanoeletroni and advaned magneti devies.During the last two deades, the mesosopi re-laxation of thin �lms and substrate layers was inves-tigated for many metal and semiondutor systemslike Ni/W(110) [8℄, Ag/Pt(111) [9℄, Fe/Pd(100) [10℄,Ge/Si(100) [11℄, et. The most signi�ant feature ofthese systems is the insu�ieny of the lassial the-ory based on the lattie mismath between the �lmand the substrate. Theoretial works using the tight-binding (TB) approximation [12, 13℄, the embeddedatoms method [14, 15℄, and the density funtional the-ory (DFT) [16, 17℄ showed that the aurate desriptionof strain relaxation requires going down to the atomilevel.Following theoretial works [12, 13℄, we note some*E-mail: kolesnikov�physis.msu.ru

general peuliarities of mesosopi relaxation: (i) themesosopi mis�t exists in both homoepitaxial and he-teroepitaxial systems and depends on the size of na-nostrutures, (ii) small islands and the surfae underthese islands are not �at due to the strain relaxation,and (iii) the mesosopi mismath leads to a stronglyinhomogeneous stress distribution in the islands and inthe substrate. Reently, these statements were diretlyproved in surfaeX-ray di�ration (SXRD) experimentin [18, 19℄ for Co/Cu(100). However, some prinipalquestions like the e�et of impurity atoms on strainrelaxation are not yet totally lear.To investigate mesosopi relaxation, we have ho-sen Pd/Pd(100) and Pd/PdH(100) for several reasons.The marosopi mis�t between palladium and palla-dium hydride is not too large (� 5:6%) and is loseto the marosopi mis�t in the Co/Cu(100) system(� 2%) investigated in Ref. [12℄. On the other hand,the interation between palladium and hydrogen atomsis relatively weak and we an onsider the strain relax-ation of the Pd and H sublatties independently. More-over, this investigation may be helpful for understand-ing adsorption on the palladium hydride surfaes.This paper has the following struture. In Se. 2,the omputational method is desribed. In Se. 3, wepresent the results of theoretial studies of strain rela-xations in Pd/Pd(100) and Pd/PdH(100) systems. Fi-nally, in Se. 4, we onlude the paper with generalremarks.2. COMPUTATIONAL METHODTo investigate the strutural properties of Pd(100)and PdH(100) surfaes, we use the Moleular Statis8 ÆÝÒÔ, âûï. 6 1137



S. V. Kolesnikov, A. L. Klavsyuk, A. M. Saletsky ÆÝÒÔ, òîì 141, âûï. 6, 2012(MS) method. We an desribe Pd and H atoms aslassial partiles interating via interatomi poten-tials. In this paper, interatomi potentials are for-mulated in the seond moment of the TB approxima-tion [20℄. In the TB approximation, the attrative termEiB (band energy) ontains the many-body interation.The repulsive part EiR is desribed by pair interations(Born�Mayer form). The ohesive energy EC is thesum of the band energy and the repulsive part,EC =Xi �EiR +EiB� ; (1)EiB = �8<:Xj �2�� exp"�2q��  rijr��0 �1!#9=;1=2 ; (2)EiR =Xj A0�� exp"�p��  rijr��0 � 1!# ; (3)where rij is the distane between atoms i and j, �and � are types of atoms, ��� is an e�etive hoppingintegral, p�� and q�� desribe the deay of the inter-ation strength with the distane between atoms, andr��0 and A0�� are adjustable parameters of the inter-atomi interation. The interatomi potentials repro-due the bulk properties of Pd and PdH rystals, stru-tural and energeti properties of lean and H-overedPd(100) and Pd(110) surfaes, and phonon spetra inthe bulk and at the surfae of Pd�H systems [21�24℄.This approah was reently applied to the investiga-tion of the e�et of hydrogen on the surfae relaxationof Pd(100), Rh(100), and Ag(100) [25℄. We note thatthe Hamiltonian underlying the energy expressions inEqs. (1), (2), and (3) desribes the essential physisgoverning ohesion in many solids [26℄.To demonstrate that TB potentials an desribethe relaxation of small Pd islands on PdH(100) sur-fae with good auray, we alulate the �rst Pd�Pdbond length r in the palladium dimer and in a Pd4square island on the PdH(100) surfae. We omparethese results with the alulations by the VASP ode[27�29℄ based on the DFT. The loal density approxi-mation (LDA) for the exhange-orrelation funtionalhas been applied. To simplify the omparison of TBand DFT results, we perform the alulations for iden-tial small ells in both ases. The slab onsists of fourlayers with 18 Pd atoms and 18 H atoms in eah layer.Periodi boundary onditions are applied in the sur-fae plane. The palladium dimer (or the Pd4 island) isdeposited on the top of the slab. Using the TB appro-ximation and the VASP ode, we �nd the �rst Pd�Pd

bond length r2 in the palladium dimer on PdH(100)surfae as rTB2 = 2:777Å and rDFT2 = 2:757Å. For the�rst Pd�Pd bond length r4 in the Pd4 square islandon the PdH(100) surfae, the alulations based on theTB approximation and the DFT also yield very loseresults: rTB4 = 2:764Å and rDFT4 = 2:753Å. Theseresults indiate that the interatomi potentials in (1),(2), and (3) give a good desription of the relaxation ofsmall palladium islands on the PdH(100) surfae.To determine the hydrostati stress P� = tr(���) inthe Pd islands and in the PdH(100) surfae layer, weperform alulations of the atomi level stress ompo-nents [30℄:���(i) = � 1
0 24p�i p�imi +14Xj �r�ijf�ij+r�ijf�ij�35 ; (4)where (��) � (x; y; z), mi and pi are the mass and mo-mentum of atom i, fij is the fore ating on atom i dueto atom j, and 
0 de�nes the average atomi volume.The relaxation of the PdH system is omputed bymeans of the MS using the interatomi potentials inthe TB approximation, where the positions of Pd andH atoms and the fores fij are determined in fully re-laxed geometry. The slab onsists of nine layers: twobottom layers are �xed and periodi boundary ondi-tions are applied in the surfae plane. The uto� radiusfor the interatomi potentials is set to 7.0Å.3. RESULTS AND DISCUSSIONSRelaxation of the Pd(100) surfae was investigatedwith the use of interatomi potentials (1), (2), and (3)in Ref. [20℄. We therefore start our investigation fromthe relaxation of lean and Pd-overed PdH(100) sur-faes. For the PdH rystal with a NaCl struture, theinterlayer distane in the h100i diretion is dPdHbulk == 2:07Å [20℄. The hydrostati stresses for Pd and Hatoms alulated with Eq. (4) are PPd� = 0:49 eV/Å3and PH� = �0:49 eV/Å3. Considering the PdH rys-tal as a ombination of two sublatties, we an on-lude that the Pd sublattie is under the tensile andthe H sublattie is under the ompressive stress, andhene the presene of hydrogen leads to embrittlementof palladium. Relaxation of the topmost layers of thePdH(100) surfae leads to the modi�ation of their in-terlayer distanes, the appearane of small spaes be-tween Pd and H layers, and drasti hanges in hy-drostati stresses of these layers. The values of relax-ation parameters and hydrostati stresses for lean andPd-overed PdH(100) surfaes are presented in Tables 11138



ÆÝÒÔ, òîì 141, âûï. 6, 2012 Strain relief and Pd island shape evolution : : :Table 1. Relaxation at lean and Pd-overedPdH(100) surfaes. The parameters d0, d1, d2, �1,and �2 are illustrated in Fig. 1Parameters Clean Pd-overedd0, Å � 1.91d1, Å 1.96 2.03d2, Å 2.08 2.08�1, Å 0.22 0.11�2, Å �0:01 0.00and 2. The parameters d0, d1, d2, �1, and �2 are illus-trated in Fig. 1. Our results for a lean PdH(100) sur-fae show that hydrogen atoms are pulled signi�antlyfrom the upper Pd layer, whih leads to a drasti de-rease in the hydrostati stress of the topmost hydrogenlayer. At the same time, the upper Pd layer is shiftedtoward the seond layer and its hydrostati stress in-reases. Changes in the properties of the seond PdHlayer in omparison with bulk layers are minimal. Wenext onsider the Pd-overed PdH(100). Pulling o� thetopmost hydrogen layer form a lean PdH(100) sur-fae leads to an inrease in the number of �danglingbonds� [22℄ and, onsequently, a derease in the spaed0 between two topmost palladium layers and an in-rease (� 20%) in the hydrostati stress of the upperPd layer. We emphasize that the disrepany betweenthe distane d0 and the distane between two topmostlayers in the Pd(100) surfae is less than 0.01Å. Thedistanes d1 and �1 beome loser to their bulk values,while the hydrostati stress magnitudes of both Pd andH layers are essentially lower than their bulk values.The parameters of the seond PdH layer of Pd-overedPdH(100) surfae are quite lose to their bulk values.Comparing interlayer distanes and hydrostati stressesin topmost layers of lean and Pd-overed PdH(100)surfaes, we expet strong inhomogeneous strain andstress distributions in the PdH substrate and the Pdisland near the edges of islands.As was emphasized in Ref. [13℄, the relaxation ofedge atoms in mesosopi islands an beome the do-minant proess leading to the existene of a size-depen-dent mismath between the islands and the substrateeven in the ase of a homogenous system. To illust-rate mesosopi relaxation in homogenous systems, wepresent the shape and the atomi displaements in thesquare Pd49 island on the Pd(100) surfae and in thesubstrate along the h110i diretion (Fig. 2a,b). Thesubstrate atoms under the island are pushed down, and

Table 2. Hydrostati stresses in the topmost layersof lean and Pd-overed PdH(100) surfaes. PPd�;0 isthe hydrostati stress in the Pd layer, PPd�;1 and PH�;1are hydrostati stresses in the topmost PdH layer, andPPd�;2 and PH�;2 are hydrostati stresses in the seondPdH layer. In the ase of a lean PdH(100) surfae,the quantity PPd�;0 is meaninglessStress Clean Pd-overedPPd�;0 , eV/Å3 � 0.63PPd�;1 , eV/Å3 0.51 0.38PPd�;2 , eV/Å3 0.43 0.48PH�;1, eV/Å3 �0:03 �0:39PH�;2, eV/Å3 �0:50 �0:49
d0

d1

d2

∆1

∆2Fig. 1. Shemati side view of the Pd-overedPdH(100) surfae showing the interlayer distanes d0,d1, and d2, and spaes �1 and �2 between the Pdand H layers. Big spheres represent Pd atoms andsmall spheres represent H atoms. In the ase of a leanPdH(100) surfae, the topmost layer is absent and theparameter d0 is meaninglessthe island assumes a tent-like shape. The island loallydistorts the surfae, whih leads to a strongly inhomo-geneous stress distribution in the island and in the sub-strate (see Fig. 2). The stress in the island is tensileand tends to inrease from the edges to the enter ofthe island, while the substrate layer under the island isunder ompressive stress.Figure 3 shows the mesosopi relaxation of thePd49 island on the PdH(100) surfae. Comparison ofFigs. 2 and 3 yields the following interesting features.The maximal displaement of Pd substrate atoms onthe PdH(100) surfae is twie that on the Pd(100) sur-fae. At the same time, the displaements of hydrogenatoms are even greater than the displaements of palla-dium atoms. The spae between Pd and H layers underthe island dereases and approahes the value �1 forthe Pd-overed PdH(100) surfae. Inreasing the top-most Pd layer distortion leads to a stronger inhomo-1139 8*
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Fig. 2. The Pd49 island on a Pd(100) surfae and the top-most layer under the island: (a) the shape of the islandand the substrate layer, (b) the vertial displaement ofatoms in the h110i diretion, () the hydrostati stress
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PdPdH0 20 40 60 80 100 120 140 160 1800:940:950:960:970:980:991:00
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Fig. 4. The average relative Pd�Pd bond length in thesingle-layer square palladium islands on Pd(100) andPdH(100) surfaes. r is the average �rst bond lengthin Pd islands and r0 is the �rst Pd�Pd bond length inPd (2:75Å) and PdH (2:93Å)geneity of stress distribution under the island. But inontrast to the Pd(100) surfae, the substrate Pd layerunder the island is still under tensile stress, whih isompensated by the high ompressive stress of the hy-drogen layer (Fig. 3). The main ause of the inreasein the strain and stress inhomogeneity of the topmostsubstrate layer is the appearane of a marosopi mis-�t between palladium hydride and lean palladium; an-other ause is the more omplex shape of the Pd49 is-land on the PdH(100) surfae. Figure 3b shows thatedge atoms of the island are pushed up, and the is-land assumes a hat-like shape. The island is under ahigh tensile stress, whih inreases from the edges tothe enter of the island and an lead to the breaking oflarge Pd islands on the palladium hydride surfae.In Fig. 4, we present the results for the size-depen-dent mesosopi mismath of single-layer square islandson Pd(100) and PdH(100) surfaes. We an see thatthe mesosopi mismath exists for both heterogenousPd/PdH(100) and homogenous Pd/Pd(100) systems,but in the ase of Pd/PdH(100), the e�et of the meso-sopi mismath is greater beause of the existene ofa marosopi mis�t between palladium and palladiumhydride. As the size of the island inreases, the e�etof edge atoms beomes less important and the averagerelative Pd�Pd bond length r=r0 approahes 1. Be-ause the Pd�Pd bonds are signi�antly stronger thenPd�H bonds, we suppose that the role of hydrogen inthe inreasing mesosopi mismath is redued to theswelling of the palladium matrix and to an inrease inthe lattie onstant. The derease of the average bond
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Relativehydros
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Fig. 5. The average relative hydrostati stress insingle-layer square palladium islands on Pd(100) andPdH(100) surfaes. hP�i is the average hydrostatistress in the island and P�;0 is the hydrostati stressin the Pd layer. In the ase of the PdH(100) surfae,P�;0 = PPd�;0 = 0:63 eV/Å3, and in the ase of thePd(100) surfae, P�;0 = 0:21 eV/Å3length in the islands is assoiated with in-plane dis-plaements of the edge atoms toward the enter of theisland, but relaxation also leads to a derease in the av-erage height of islands (the distane between the planeof the island and the plane of the topmost Pd layer).We �nd that the average height of an island dereaseswith dereasing its size and is almost independent of theonentration of hydrogen in the substrate; the disrep-any between average heights for the Pd4 island and thePd layer is � 0:1Å. A more interesting result is the sizedependene of the average relative hydrostati stress ofpalladium islands presented in Fig. 5. We an see thatthe urves for Pd(100) and PdH(100) surfaes are verylose to eah other. Therefore, the relative hydrostatistress in the palladium islands does not depend on theonentration of hydrogen in the substrate. Hene, thedependene presented in Fig. 5 allows prediting theaverage hydrostati stress for every square Pd islandon a PdHx(100) surfae (x 2 [0; 1℄) using only one pa-rameter, the hydrostati stress of the Pd monolayer.The value of the hydrostati stress of the Pd mono-layer on the PdHx(100) surfae lies in the range from0.21 eV/Å3 (for lean Pd) to 0.63 eV/Å3 (for PdH).We now return to the question about the shape ofpalladium islands. In Fig. 6, we ompare the shapesof small square palladium islands on Pd(100) andPdH(100) surfaes. All Pd islands on the Pd(100) sur-fae presented in Fig. 6a have a tent-like shape. Ananalogous result has been obtained for hexagonal Cu1141
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Fig. 7. The thikness dmax � dmin of (a) palladiumislands on Pd(100) and PdH(100) surfaes and (b) thetopmost substrate layers under the island. dmax anddmin are maximal and minimal vertial oordinates ofPd (or H) atoms in the islands or in the substrate layersfor islands from Pd4 to Pd225 and beomes greater thand0, but then d dereases and approahes d0 from above.To understand the origin of the size dependene ofshape of Pd islands on the PdH(100) surfae, we havealulated the thiknesses of the topmost Pd layer ofthe Pd(100) surfae and the thikness of Pd and Hlayers of the PdH(100) surfae under the Pd islands(Fig. 7b). We an see a monotoni size dependene ofthe thikness of palladium substrate under the islandson the Pd(100) surfae and an almost monotoni sizedependene of the thikness of the Pd layer under theislands on the PdH(100) surfae. At the same time,the size dependene of the H layer thikness is stronglynonmonotoni; extremums of this urve orrelate withmodi�ation of the shape of islands. Consequently, theshape of Pd islands on a palladium hydride surfae isassoiated mainly with the Pd�H interation.1142



ÆÝÒÔ, òîì 141, âûï. 6, 2012 Strain relief and Pd island shape evolution : : :4. CONCLUSIONIn summary, we have presented our results obtainedfor Pd/Pd(100) and Pd/PdH(100) systems. In thepresene of impurity atoms in the substrate, the strainand stress inhomogeneities of the topmost substratelayer under islands are inreased mainly beause of theappearane of a marosopi mis�t between the im-pure and lean metal. The relative hydrostati stressin the islands does not depend on the onentrationof impurity atoms in the substrate, and it is possibleto predit the average hydrostati stress for islandsusing only one parameter, the hydrostati stress of amonolayer. Finally, we an assume that the shape ofPd islands on Pd(100) and PdH(100) surfaes dependsonly on the peuliarities of the interatomi interationand does not depend on the marosopi mis�t betweenthe substrate and sputtered metal.We thank Dr. D. I. Bazhanov for the useful dis-ussions and helpful omments. This work was sup-ported by the Russian Foundation for Basi Researh,grant 11-02-12256. Computational resoures were pro-vided by the Researh Computing Center of MosowState University (MSU NIVC).REFERENCES1. M. Giesen, G. Shulze Iking-Konert, and H. Ibah,Phys. Rev. Lett. 80, 552 (1998).2. J. Fassbender, U. May, B. Shirmer et al., Phys. Rev.Lett. 75, 4476 (1995).3. A. Gölzhäuser and G. Ehrlih, Phys. Rev. Lett. 77,1334 (1996).4. S. C. Wang and G. Ehrlih, Phys. Rev. Lett. 70, 41(1993).5. C. G. Zimmermann, M. Yeadon, K. Nordlund et al.,Phys. Rev. Lett. 83, 1163 (1999).6. S. Pik, V. S. Stepanyuk, A. L. Klavsyuk et al., Phys.Rev. B 70, 224419 (2004).7. D. Sekiba, Y. Yoshimoto, K. Nakatsuji et al., Phys.Rev. B 75, 115404 (2007).8. D. Sander, C. Shmidthals, A. Enders, and J. Kir-shner, Phys. Rev. B 57, 1406 (1998).9. A. Grossmann, W. Erley, J. B. Hannon, and H. Ibah,Phys. Rev. Lett. 77, 127 (1996).
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