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Fe AND Co NANOSTRUCTURES EMBEDDED INTO THE Cu(100)SURFACE: SELF-ORGANIZATION AND MAGNETIC PROPERTIESS. V. Kolesnikov *, A. L. Klavsyuk, A. M. SaletskyFaulty of Physis, Lomonosov Mosow State University119991, Mosow, Russian FederationReeived Marh 11, 2015The self-organization and magneti properties of small iron and obalt nanostrutures embedded into the �rstlayer of a Cu(100) surfae are investigated using the self-learning kineti Monte Carlo method and density fun-tional theory. The similarities and di�erenes between the Fe/Cu(100) and the Co/Cu(100) are underlined.The time evolution of magneti properties of a opper monolayer with embedded magneti atoms at 380 K isdisussed.DOI: 10.7868/S00444510151000771. INTRODUCTIONStudies of magneti nanostrutures play a key rolein high-density memory storage and the developmentof nano-eletronis. Nanostrutures from magneti 3dmetals are very appealing beause of their unusualphysial properties. The epitaxial growth of Fe [1, 2℄,Co [3, 4℄, and Ni [5℄ thin �lms on a Cu(100) sur-fae has been investigated. Magneti properties ofFe [2, 6℄, Co [7, 8℄, and Ni [5℄ thin �lms were inves-tigated experimentally. Interesting magneti proper-ties of nanowires [9�12℄ and nanolusters [13�15℄ havealso been found reently. However, small supportednanostrutures an be unstable at room temperature.This motivates the investigation of embedded nano-strutures.The mobility of embedded atoms was investi-gated with the use of a sanning tunnel mirosopy(STM) [16�20℄. Surfae vaanies were shown to be re-sponsible for the mobility of embedded Mn [16℄, Pd [17℄,In [18℄, and Co [19, 20℄ atoms in the �rst layer of aCu(100) surfae. The experiments of Kurnosikov et al.[19℄ showed that single atoms of Co embedded into theCu(100) surfae an be manipulated with the STM tipand small atomi hains stable at the room tempera-ture an be reated in a ontrolled way. The similarityof the Co/Cu(100) and Fe/Cu(100) epitaxial systems*E-mail: kolesnikov�physis.msu.ru

suggests that the di�usion of embedded Fe atoms alsoleads to the formation of small nanostrutures.The main goal of this paper is to ompare theself-organization and magneti properties of small Feand Co nanostrutures embedded into a Cu(100) sur-fae. It is also interesting to disuss the time evolutionof magneti properties of a opper monolayer with em-bedded magneti atoms.This paper is organized as follows. In Se. 2, wepresent our kineti Monte Carlo (kMC) method anddesribe the tehnique of alulation of magneti prop-erties of nanostrutures. In Se. 3, the results of thekMC simulations of surfae morphology and the mag-neti properties of the surfae are disussed. Finally,Se. 4 summarizes our results.2. COMPUTATIONAL METHODFor a realisti simulation of the motion of embeddedatoms, the self-learning kineti Monte Carlo method(SLkMC) [21℄ is applied. The original SLkMC methodan be modi�ed [22, 23℄ for heterogeneous systems suhas Fe/Cu(100) or Co/Cu(100), where simple events arethe most important and omplex onerted atomi mo-tions our rarely, and their in�uene on the evolutionof the system an be negleted. In this model, thedi�usion of embedded atoms and dimers only throughexhanges with surfae vaanies is onsidered. Theonentration of vaanies is not high; hene, to a-elerate the SLkMC alulations, it is supposed thatonly surfae vaanies an move. Three types of va-706
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VFig. 1. Loal environments for a vaany transitionto the �rst-nearest-neighbor position, the seond-nea-rest-neighbor position, and the third-nearest-neighborposition in the �rst layer of the (100) surfae are pre-sented in respetive shemes (A), (C), and (B). In(A), the atom jumps from position a to position V . Inthe ases (B) and (C), the �rst atom jumps from posi-tion a1 to position V and the seond atom jumps fromposition a2 to position a1. The nearest-neighbor posi-tions of the vaany and the moving atoms are denotedas b1�b8; and 1�4 are the seond-nearest-neighborpositionsany transitions are onsidered (see Fig. 1): (a) jumpsinto the �rst-nearest-neighbor positions are equivalentto single opper or impurity atom jumps; (b) jumpsinto the seond-nearest-neighbor positions are equiv-alent to rotations of opper�opper, opper�impurity,or impurity�impurity dimers; and () jumps into thethird-nearest-neighbor positions are equivalent to shiftsof the dimers. The maximum number of events in thepresented model is2 � 310 + 22 � 38 + 22 � 37 = 153090(without onsidering the symmetry). The initial on-�guration is a random homogenous distribution of im-purity atoms and vaanies in the �rst layer of theCu(100) surfae. This assumption is valid in the aseof a low deposition �ux [22℄.The barriers are omputed �on the �y� by thenudged elasti band (NEB) method [24℄ inorporatedinto the kMC algorithm. To alulate the di�usion bar-riers, the interatomi potentials formulated in the se-ond moment of the tight-binding approximation [25, 26℄are used. In this approximation, the attrative termEiB (band energy) ontains the many-body interation.The repulsive part EiR is desribed by pair interations(the 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 "A1�� rijr��0 � 1!+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 , A0�� , and A1�� are adjustable parameters of theinteratomi interation. The interatomi potentials re-produe the bulk properties of Cu, Fe, and Co rystalsand the ab initio alulated properties of the supportedand embedded Co and Fe lusters. The details of the�tting proedure are desribed in [26℄. The parametersof the potentials are taken from the literature [27, 28℄and are presented in Table 1.The positions of impurity and opper atoms are de-termined in a fully relaxed geometry. The slab used toalulate the barriers onsists of eight layers with 2000atoms per layer. The two bottom layers are �xed, andperiodi boundary onditions are applied to the surfaeplane. The uto� radius for the interatomi potentialsis set to 6.0Å. Di�erent prefators are taken for thedi�usion of adatoms (�rst type of vaany transitions)and dimers (seond and third types of vaany tran-sitions): �0ad = 15 THz and �0dim = 300 THz. Thesevalues are typial for jumps and exhanges of atoms onthe Cu(100) surfae [29, 30℄. The random number gen-erator from book [31℄ is used to improve the aurayof the alulations.Ab initio density funtional theory (DFT) alula-tions of the spin and orbital magneti moments andof the magneti anisotropy energy (MAE) of Fe andCo nanostrutures embedded into the Cu(100) surfaewere performed using the projetor augmented-wave(PAW) tehnique [32, 33℄ implemented in the Viennaab initio simulation pakage (VASP) [34℄. The alula-tions are based on the DFT with the generalized gradi-ent approximation (GGA) [35, 36℄. We used the samemethodology as in previous alulations of the mag-neti anisotropy of Co and Fe adatoms and ultrathin�lms on Rh(111) and Pt(111) substrates [37, 38℄. Thesubstrate was modeled as periodially repeated slabsonsisting of up to six atomi layers separated by asu�iently thik vauum spae of 16Å. At this slab707 5*



S. V. Kolesnikov, A. L. Klavsyuk, A. M. Saletsky ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015Table 1. Parameters of interatomi potentials [27; 28℄Parameter Cu�Cu Fe�Fe Co�Co Fe�Cu Co�CuA1, eV 0.0 �0:777 0.0 �1:909 �1:552A0, eV 0.086 0.162 0.121 �0:026 �0:037�, eV 1.224 1.573 1.579 0.881 0.852p 10.939 5.872 11.391 7.148 7.623q 2.280 2.105 2.350 5.178 5.518r0, Å 2.556 2.474 2.495 2.441 2.500
Monomer Dimer l-trimer
�-trimer l-tetramer 2� 2 luster

Z XY
Fig. 2. Shemati view of nanostrutures embedded ina surfae. Dark- and light-gray balls respetively rep-resent Cu and impurity (Co or Fe) atomsthikness, the indued moments on the lower surfaeare nearly zero (a node in the osillatory deaying mo-ments falls lose to the surfae) and hene no arti�-ially enhaned moment exists at the lower surfae. A6� 4 surfae unit ell was used for the l-tetramer and5� 5 surfae unit ells for all other nanostrutures (seeFig. 2). The oordinates of impurity nanostruturesand the positions of opper atoms in the three topmostlayers of the substrate were optimized using salar rela-tivisti alulations until the fores on all unonstrainedatoms onverged to less than 0.01 eV/Å. The geome-try and eletroni and magneti ground states resultingfrom the salar relativisti alulation were used to ini-tialize relativisti alulations inluding the spin�orbitoupling. Reent work [39℄ demonstrated that the re-laxations of Fe and Co adatoms on Pt(111) with andwithout the spin�orbit oupling are almost idential. Auto� energy of 250 eV is used.

The MAE is alulated as the total energy differen-e between the two relativisti band struture alula-tions for two di�erent magnetization diretions usingthe frozen harge density obtained in a previous self-onsistent salar relativisti alulation [40℄.The alulations inluding the spin�orbit ouplingrequire a �ne k-point mesh for the Brillouin-zone inte-grations. Test alulations were performed for Fe andCo monomers in a Cu(100) surfae for three di�erentk -point grids: 3 � 3 � 1, 5 � 5 � 1, and 12 � 12 � 1for a 3 � 3 surfae unit ell and 3 � 3 � 1, 5 � 5 � 1,and 7� 7� 1 for a 5� 5 surfae unit ell generated bythe Monkhorst�Pak sheme [41℄ in onjuntion withthe Fermi�Dira smearing method. The 5� 5� 1 gridprovided the best ompromise between auray andomputational e�ort.3. RESULTS AND DISCUSSIONSIn this setion, we present the investigation of theself-organization of Fe and Co nanostrutures embed-ded in the �rst layer of a Cu(100) surfae. We nextdisuss, magneti properties of the most widespreadnanostrutures.3.1. SLkMC investigationThe di�usion of embedded Fe and Co atoms in aCu(100) surfae at 300�400 K an be mainly realizedvia respetive Fe-vaany and Co-vaany exhanges[42, 43℄. This assumption is in good agreement withthe experimental results in [19, 20℄. The only meha-nism of di�usion of embedded impurity atoms (Fe orCo) is as follows: the surfae vaany jumps toward animpurity atom, replaes it, and goes away. A surfaevaany an di�use in a lean Cu(100) surfae in twodi�erent ways (see Table 2): the vaany an move thenearest-neighbor distane (a single jump of a Cu atom)708



ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015 Fe and Co nanostrutures embedded into the Cu(100) surfae : : :with a barrier of 0.38 eV, or the third-neighbor distane(a shift of a Cu�Cu dimer) with a barrier of 0.54 eV.Another possibility of vaany transitions is the rota-tion of a Cu�Cu dimer, but this event is separated intotwo suessive single jumps of Cu atoms. Suh eventsare no longer independent and are disregarded in thealulations.Table 2 shows that the di�usion of an impurity atomor the assoiation of an impurity�impurity dimer anbe realized in three di�erent ways: the jump of a sin-gle impurity atom, the shift of an impurity�Cu dimer,and the shift of a Cu�impurity dimer. These examplesillustrate the general features of the Fe/Cu(100) andCo/Cu(100) systems. First, barriers for the shifts ofdimers are usually higher than barriers for the singlejumps of atoms. However, the shifts of dimers have ahigher frequeny prefator, and therefore play a veryimportant role in the formation of nanostrutures at300�400 K [23℄. Seond, rotations of dimers our veryrarely and do not in�uene the formation of embed-ded nanostrutures. Third, the analogous barriers forboth systems are very lose, but not equal. The lastfat leads to some interesting di�erenes in the timeevolution of Fe/Cu(100) and Co/Cu(100) systems.Figure 3 shows the results of our SLkMC investiga-tions of the self-organization of Fe and Co embeddednanostrutures at 380 K. The relative populations ofthe simplest embedded Co nanostrutures are shown ona logarithmi sale. In the �rst layer of the (100) sur-fae, the following types of the simplest nanostruturesan be formed: (i) dimers; (ii) two types of trimers:l- and �-trimers (see Fig. 1); and (iii) �ve types oftetramers. Of these eight types of nanostrutures, onlythe 2 � 2 luster is atually ompat; the other stru-tures are nonompat atomi hains. The frequeny ofthe dissoiation of 2�2 lusters is lose to zero at 380 K.Hene, the number of 2�2 lusters haraterizes the to-tal number of ompat embedded nanostrutures. Thefull time evolution of the embedded Co nanostruturesan be divided into three stages: (I) monomer domina-tion, (II) hain domination, and (III) luster domina-tion. The monomer domination stage is haraterizedby a derease in the monomer population and intensiveformation of nonompat hains. Compat nanostru-tures are almost ompletely absent at this stage. In thehain domination stage, the number of monomers de-reases. The number of hains remains onstant at thebeginning of the stage and begins to derease towardthe end. The number of ompat embedded struturesgrows monotonially. In the luster domination stage,the number of all nonompat strutures drops to zeroand the number of ompat strutures tends to a on-
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S. V. Kolesnikov, A. L. Klavsyuk, A. M. Saletsky ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015Table 2. Ativation barriers for basi atomi proesses in eletronvolts. Single jumps ofatoms are labeled as (a)�(b1)(b2)(b3)(b4)(b5)(b6)�(1)(2)(3)(4) and shifts of dimers are labeled as(a1)(a2)�(b1)(b2)(b3)(b4)(b5)(b6)(b7)(b8) (see Fig. 1); 0=Cu, 1= vaany, 2 =CoAtomi proess Type of transition Label of transition Fe CoDi�usion of free vaany single jump 0�000000�0000 0.38 0.38shift of dimer 00�00000000 0.54 0.54Di�usion of impurity atom single jump 2�000000�0000 0.59 0.61shift of dimer 20�00000000 0.65 0.68shift of dimer 02�00000000 0.77 0.78Assoiation of dimer single jump 2�000002�0000 0.34 0.31shift of dimer 20�00000002 0.43 0.42shift of dimer 02�00000020 0.57 0.52Table 3. Average MAE �E for small embedded nanostrutures in a Cu(100) surfae alulated for the magnetizationswith from the normal Z towards the in-plane X and Y diretions, as shown in Fig. 2. Negative MAE values indiate apreferred in-plane magnetization. All values are in meV/atomStruture �EFe(X;Z) �EFe(Y; Z) �ECo(X;Z) �ECo(Y; Z)monomer �0:11 �0:11 �2:01 �2:01dimer 0.14 0.10 �1:71 �1:11l-trimer 0.06 0.04 �1:59 �0:94�-trimer 0.03 0.03 �0:96 �0:96l-tetramer 0.05 0.03 �1:68 �1:092� 2 luster 0.02 0.02 �0:36 �0:36the binding energies Ebindl-trimer � Ebind�-trimer is higher inthe Fe/Cu(100) system than in the Co/Cu(100) system:0.104 and 0.090 eV, respetively. On the other hand,the proesses of dissoiation of linear hains are fasterin the Fe/Cu(100) system. Indeed, the most proba-ble way of dissoiation of a dimer (and other linearstrutures) is realized via the shift of the impurity�Cudimer (the event 20-00000020; see aption to Table 2).This shift of the dimer has a barrier of 0.64 eV in theFe/Cu(100) system and 0.71 eV in the Co/Cu(100) sys-tem.It is neessary to mention that the self-organizationtime signi�antly depends on the onentration of sur-fae vaanies. In the present ase, the only soureof surfae vaanies is a small vaany luster, whihis formed from the free vaanies in a simulation ell.However, various defets of the surfae an be thesoures of vaanies in real experiments. The onen-tration of surfae vaanies an also inrease in the pro-

ess of sanning the surfae with STM [44, 45℄. Con-sequently, the experimental self-organization time ofembedded nanostrutures an be signi�antly di�erentfrom the presented in Figs. 3 and 4.3.2. Magneti anisotropy energies, and spinand orbital momentsThe magneti anisotropy energy �E(I; Z) (whereI = X;Y ) was alulated as the di�erene of total en-ergies of all atoms in the alulation ell in the aseswhere the magneti moments of impurity atoms (Fe orCo) were respetively oriented along the I and Z axes.The X , Y , and Z diretions are shown in Fig. 2. Apositive MAE value �E(I; Z) means that the magne-tization of impurity atoms along the Z axis is moreenergetially favorable, whereas a negative value orre-sponds to the preferable I axis.710



ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015 Fe and Co nanostrutures embedded into the Cu(100) surfae : : :Table 4. Calulated spin magneti moments M and orbital magneti moments L for X, Y , and Z magnetizationorientations for Fe and Co atoms in embedded nanostrutures (see Fig. 2). All values are in �BStruture Position MFe LFeX LFeY LFeZ MCo LCoX LCoY LCoZmonomer 1 2.73 0.24 0.24 0.22 1.71 0.65 0.65 0.55dimer 1 2.84 0.09 0.10 0.10 1.77 0.38 0.24 0.19l-trimer 1 2.91 0.12 0.11 0.11 1.75 0.40 0.23 0.202 2.87 0.08 0.09 0.08 1.76 0.16 0.11 0.12�-trimer 1 2.90 0.10 0.11 0.12 1.80 0.36 0.26 0.202 2.73 0.09 0.09 0.12 1.84 0.20 0.20 0.13l-tetramer 1 2.91 0.12 0.11 0.11 1.75 0.42 0.23 0.192 2.87 0.09 0.08 0.08 1.76 0.18 0.09 0.102� 2 luster 1 2.80 0.10 0.10 0.10 1.81 0.24 0.24 0.19The average MAE for the embedded lusters arelisted in Table 3. The nonompat nanostrutures havea higher MAE than the ompat ones. The reason forsuh a tendeny is the interations between impurityatoms (Co�Co or Fe�Fe), leading to a derease in theMAE of individual atoms. As the result, the outeratoms, having a smaller number of nearest neighbors,ontribute muh more to the average MAE than theinner atoms do. The average MAE of Co nanostru-tures is muh higher than the average MAE of similarnanostrutures with Fe atoms. Moreover, these nanos-trutures are haraterized by di�erent diretions of theeasy magnetization axes. An in-plane magnetization isexhibited in all Co lusters, but Fe nanostrutures (ex-ept monomers) have an out-of-plane magnetization.Comparing the alulated MAE with the results ob-tained earlier [9; 14℄, we emphasize the important roleof surfae relaxation in opper [46℄.Calulations of the spin and orbital magneti mo-ments for monomers and seleted embedded nanostru-tures are presented in Table 4, where the positional in-dies in the nanostrutures refer to the orrespondingnumbers in Fig. 2. The spin magneti moment of Featoms is about a fator of 1.5 higher than that of Coatoms. The spin magneti moment of the monomeris lower than the spin moments of the small embed-ded nanostrutures. The general tendeny of inreas-ing spin magneti moments with inreasing the numberof the neighboring Co atoms an be explained by thefat that the d�d interation in the embedded nanos-trutures extends the d-states and, onsequently, thespin magneti moment inreases [14℄. The values pre-

sented in Table 4 are in good agreement with the resultsreported in the literature [9; 14℄. The spin magnetimoment anisotropy of atoms of 3d metals for di�erentmagnetisation orientations is negligible [37℄.In ontrast to the spin magneti moments, the or-bital magneti moment anisotropy is fairly large, be-ause in the transition metals with a more-than-half-�l-led d band, the largest orbital magneti moment isfound along the easy magnetization diretion favoredby the MAE [47℄. Similar to MAE, the orbital mag-neti moments of small embedded nanostrutures aredereased drastially by interations between impurityatoms. Finally, the surfae relaxation leads to a sub-stantial derease in the orbital magneti moments ofthe embedded Fe and Co atoms [14; 46℄.3.3. The time evolution of magneti propertiesCombining the results presented above, it is easyto alulate the time evolution of the magneti proper-ties of the Cu(100) surfae with embedded Fe and Conanostrutures. For example, we have alulated thetime evolution of the average MAE of Cu(100) mono-layer (see Fig. 4). Here, we used the data presented inFig. 3 and Table 3, and the assumption that all largenanostrutures are ompat and have the same MAEper atom as a 2�2 luster. Figure 4 shows a monotoniderease in the average MAE of the opper monolayerwith embedded Co atoms from 2.01 to 0.360 meV perCo atom. In the ase of the Fe/Cu(100) system, theaverage MAE of the monolayer exhibits a more om-plex nonmonotoni behavior with rotation of the easymagnetization axes.711
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Fig. 4. The time evolution of the average MAE (per impurity atom) of a Cu(100) monolayer with embedded Fe or Coatoms at T = 380 K4. CONCLUSIONUsing our SLkMC method, we have investigated theself-organization of Fe and Co nanostrutures in the�rst layer of the Cu(100) surfae at 380 K. The timeevolution passes through three stages: (I) monomerdomination, (II) hain domination, and (III) lusterdomination. Formation of embedded nanostrutures inthe Fe/Cu(100) and the Co/Cu(100) systems is similarin the initial and �nal stages, but it has some di�er-enes in the hain-domination stage. Co atoms havea tendeny to form short linear hains. At the sametime, angular Fe hains are more preferable than lin-ear hains. This piture of self-organization weakly de-pends on the onentration of impurity atoms in therange 0.05�0.15 ML, and it is valid in the temperaturerange 350�400 K.Our DFT alulations show that the MAE of em-bedded Co atoms is signi�antly higher than the MAEof Fe atoms in analogous nanostrutures. At thesame time, similar Fe and Co nanostrutures (exeptmonomers) have di�erent diretions of the easy mag-netization axes. The spin magneti moments of theembedded Fe atoms are about a fator of 1.5 higherthan those for Co atoms. On the other hand, the or-bital magneti moments of Co atoms are several timeshigher than those for Fe atoms. The interation be-tween impurity atoms leads to an inrease in the spinmagneti moments and to a derease in MAE and or-bital magneti moments. We also emphasize the ritial
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