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ATOMIC SCALE ENGINES: TAKING A TURN�Markus PortoMax-Plank-Institut für Physik komplexer SystemeNöthnitzer Str. 38, 01187 Dresden, GermanyMihael Urbakh and Joseph KlafterShool of Chemistry, Tel Aviv University, 69978 Tel Aviv, Israel(Reeived Otober 23, 2000)We investigate a new approah whih has been reently introdued toonstrut mirosopi engines whose main harateristi is the possibilityto determine dynamially the diretion of motion. The approah is basedon the transformation of the supplied energy into direted motion througha dynamial ompetition between the intrinsi lengths of the moving objetand the substrate. The engines are able to move translationally or rota-tionally and an perform useful funtions suh as pulling of a argo. Wedisuss possible realizations and introdue some ingredients, suh as turnsand swithes, important for reating a mirosopi `railway system.'PACS numbers: 66.90.+r, 45.40.Ln, 87.16.Nn1. IntrodutionWhen Feynman made his visionary preditions onerning nanosaletehnology almost 40 years ago [1℄, nobody really believed that the handlingof single atoms and moleules would beome so widespread in siene as itis today [2℄. A major step forward has been made about 20 years ago, whenthe window to the `nanosize world' has been opened with the invention ofsanning-tunnelling [3℄ and atomi fore mirosopies [4℄. These tehniqueshave radially hanged the way we view and interat with nanosale objetsmaking possible their imaging [5, 6℄ and, even more striking, their manipu-lation [6�9℄. Nevertheless, the important hallenge still remains to further� Presented at the XXIV International Shool of Theoretial Physis �TransportPhenomena from Quantum to Classial Regimes�, Ustro«, Poland, September 25�Otober 1, 2000. (295)



296 M. Porto, M. Urbakh, J. Klafter`tame' moleules and make them perform useful funtions, suh as trans-portation. Despite a growing interest in atomi sale engines, suh as bio-logial motors [10,11℄, rathet systems [10,12�15℄, moleular rotors [7�9,16℄,and moleular mahinery in general [17℄, a real breakthrough onerning theonstrution of a man-made nanosale ounterpart of the `steam loomotive'and its orresponding `railway system' has not oured yet. This has mainlybeen due to the fat that we still miss the ruial link of how to transformenergy into direted motion on this sale.Reently, we have proposed the basi priniples that an make suh anengine possible [18℄. The main advantages of this engine are:� the diretionality of motion is determined dynamially and does notrequire any spatial asymmetry of the moving objet or of the substrate,� the engine is powerful enough to allow for the transportation of a argo,� the same onept applies for both translational and rotational motions,and� the veloity obtained an be varied over a wide range, independent ofthe diretion.Here, we disuss some ingredients whih help to onstrut a `railway system'for the engine to allow for taking turns and rossing traks.The Artile is organized as follows: in Setion 2 the spei� model systemis introdued. In Setion 3 we present a few seleted senarios, and weonlude in Setion 4. 2. ModelThe proposed engine onsists in general of two parts: the substrate andthe moving objet. Ahieving motion of the engine is based on the dynam-ial ompetition between the two intrinsi lengths of the substrate and theobjet. This dynamial ompetition is used to transform initially fed en-ergy into direted motion. To exemplify this onept, we use below a simplemodel system of a hain [the moving objet℄ in a periodi potential [thesubstrate℄, namely a Frenkel�Kontorova type model [19℄. We would like toemphasize that this hoie as an example is solely motivated by the simpli-ity of the model rather than by experimental requirements. In partiular,it is not neessary for the partiles to be single atoms and the springs arenot neessarily single hemial bonds, di�erent from the original Frenkel�Kontorova model. The sole purpose of the model system is to address in asimple and intuitive manner the following questions:



Atomi Sale Engines: Taking a Turn 297(a) What is the minimal size of the engine?(b) How are the diretion and veloity of the motion determined?() How powerful is the engine?(d) How to make the engine performing a turn? and(e) How to onstrut devies suh as swithes whih help to ross traksand diretions?The issue of possible physial realizations of the model will be addressedtowards the end of the artile.In the model system the substrate is taken as an isotropi surfae, andthe moving objet as a hain of N idential partiles on the surfae. Eahpartile i has a mass m and is loated at oordinate xi. For simpliity,we restrit the �rst part of the disussion to translational motion in onedimension; Fig. 1(a) displays a sketh of the model geometry for N = 3.
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(b)Fig. 1. (a) Sketh of the geometry of the example engine, showing the surfaepotential �(x) and the hain with N = 3 partiles. (b) Changing the free restlengths ai;i+Æi(t); the lengths a1;2(t) and a2;3(t) as a funtion of time t are shown.The parameters are: The wave vetor q = 1=(5b), the peak amplitude  = 7=10,and the peak width s0 = 4=10.



298 M. Porto, M. Urbakh, J. KlafterThe N equations of motion read asm�xi + � _xi + ��(xi)�xi +XÆi �	(xi � xi+Æi)�xi+Æi = 0 i = 1; : : : ; N: (1)The seond term in Eq. (1) desribes the dissipative interation [frition℄between the partiles and the substrate and is proportional to their relativeveloities with proportionality onstant �. The stati interation betweenthe partiles and the surfae is represented by the periodi potential�(x) = ��0 os�2�xb � (2)with periodiity b. Conerning the inter-partile interation, we take a near-est neighbor harmoni interation	(xi � xi+Æi) = k2 [jxi � xi+Æi j � ai;i+Æi(t)℄2 (3)with free equilibrium rest lengths ai;i+Æi(t) [i+ Æi = i� 1 denotes the near-est neightbors of partile i℄. Di�erent from the original Frenkel�Kontorovamodel, the N�1 free equilibrium rest lengths ai;i+Æi(t) are not onstant, butdo depend both on the bond's position, spei�ed by the indies i; i+ Æi, andon time t. The time dependent modulation of ai;i+Æi(t) opens a simple andstraightforward mehnism to pump energy into the system. In general, if thelengths ai;i+Æi(t) are hanged in an unorrelated fashion, or when using aninproper spatial and temporal orrelation for the ai;i+Æi(t) for di�erent bondsat di�erent times, a di�usive motion of the hain results. Nevertheless, thereare ases in whih energy is pumped into the system in a spei� mannerthat provides spatially and temporally orrelated hanges of the ai;i+Æi(t),so that the dynamial loal ompetition between the periodiity b and therest lengths ai;i+Æi(t) an indue a direted motion of the hain.3. ResultsWithout spei�ng the dependene of the rest lengths ai;i+Æi(t) on thebond's position i; i + Æi and time t, the above approah desribes a wholefamily of possible small sale engines. In the following we restrit ourselvesto a ertain hoie of ai;i+Æi(t), that leads to an engine having a minimumsize of as small as N = 3 partiles. The position and time dependent restlengths ai;i+Æi(t) are hosen asai;i+Æi(t) = a [1 + � (qxi;i+Æi + !t)℄ ; (4)



Atomi Sale Engines: Taking a Turn 299resulting in a spei� spatial�temporal orrelation between the lengths of dif-ferent bonds given by the ombined argument qxi;i+Æi +!t. Here, xi;i+1= iband xi;i�1 = xi�1;i are the relative positions of the bonds between partilesi and i � 1 [i.e. ai;i�1(t) = ai�1;i(t)℄. The length a, the wave vetor q, andthe driving frequeny ! are parameters. The funtion �(s) has a periodiityof 1 suh that �(s+ 1) = �(s) for all s, and is hosen as�(s) = (  sin(�s=s0) for 0 � s � s00 for s0 � s � 1 ; (5)with the peak width s0 and the peak amplitude  being parameters. InFig. 1(b) shown are 10 snapshots of the time dependene of the free restlengths ai;i+Æi(t) for a hain with N = 3 partiles, displaying the meaningof the parameters q, s0, and .
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Fig. 2. Motion of the hain skethed in Fig. 1(a); the positions xi of the partilesas a funtion of time t are shown. The large disks indiate the partiles' positionin relation to the surfae potential in the 10 numbered snapshots in time intervalsof 5b=(2�) pm=�0. The time 25b=� pm=�0 of a full osillation of ai;i+Æi (t) andhene of a single step of length b to the right is shown. The parameters are:The mis�t between the minimum rest length of the inter-partile potential andthe potential period a=b = 11=10, the dissipation onstant � = 16�=(10b) p�0m,the inter-partile potential strength k = [(2�)=b℄2 �0, the driving frequeny ! =�=(25b) p�0=m, the wave vetor q = 1=(5b), the peak amplitude  = 7=10, andthe peak width s0 = 4=10.



300 M. Porto, M. Urbakh, J. KlafterThe motion of the omplete engine onsisting of a hain and a surfae,as skethed in Fig. 1(a), is shown in Fig. 2 in 10 snapshots. Despite thefat that there is no external fore ating on the hain, a direted motionof the hain to the right results [note that the 10th snapshot is equivalentto the 1st as the hain moved by a length b to the right℄. It is importantto note that the symmetry in the system is broken dynamially, as a resultthe diretion of the motion is dynamially determined and is solely given bythe bond whose rest length inreases �rst, starting when the partiles areloated at the minima of the surfae potential [the right one in Fig. 2℄. Ingeneral, for more than two bonds, the `exitation' has to propagate oppositeto the desired diretion of motion, starting at the partile that is frontmost.This an be ahieved by using ai;i+Æi(t) = a [1+�(qxi;i+Æi+!t)℄ for a motionin positive and ai;i+Æi(t) = a [1 + �(qxi;i+Æi � !t)℄ for a motion in negativex-diretion [note the di�erent signs in front of !℄. Therefore, the motion anbe easily ontrolled; in partiular the diretion an be hosen independentof veloity, and the motion an be stopped and restarted, either in the sameor in the opposite diretion.For the above hoie of ai;i+Æi(t) and for not too high frequenies [up to amaximum frequeny !max � �=(25b) p�=m, keeping the other parameters�xed℄, the engine's veloity v is proportional to the driving frequeny !through v = b!, so that the maximum veloity is given approximately byvmax � �=25 p�=m. For higher driving frequenies the motion gets �rstirregular and �nally di�usive, loosing its diretionality.The wave vetor q determines the orrelation between the di�erent restlengths. A hoie of q = 1=(5b) as used in Figs. 1 and 2 turns out to yield alarge maximum veloity and a `powerful' engine for N = 3. A simple mea-sure for how powerful this engine is, an be determined by a straightforwardproedure [20℄, where the hain moves against a onstant fore experienedby eah partile. The hain with parameters as in Figs. 1 and 2 is ableto move against a onstant fore of up to Fmax � �0=b, maintaining theveloity b!. For higher opposing fores, the hain remains at its initial lo-ation, and for even higher opposing fores, the hain moves with the fore.It is important to note that the maximum possible opposing fore dependssensitively on the parameters, in partiular on the onstant  and the wavevetor q.Another possible intuitive way to measure how powerful the engine is, isto let the hain transport a argo of N 0 additional inative partiles attahedat its end with the same inter-partile potential 	(xi � xi+Æi), but witha onstant rest length a. It turns out that, depending on the hoie ofparameters, a hain of N partiles is able to transport up to a maximumof N 0max � N=2 additional inative partiles and hene up to about half itsown weight on an isotropi surfae. As an example, in Fig. 3 shown is a
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Fig. 3. Motion of the hain with N + N 0 = 9 partiles; the positions xi of thepartiles as a funtion of time t are shown. The large disks indiate the partiles'position in relation to the surfae potential in the 20 numbered snapshots in timeintervals of 25b=(4�) pm=�0. The hain onsists of an ative part ontainingN = 6 partiles shown as full disks [i.e. �ve ative bonds℄, and a argo of N 0 = 3partiles shown as open disks [i.e. four inative bonds℄. The time 125b=� pm=�0of �ve full osillations of ai;i+Æi(t) is shown, orresponding to a single step of lengthb to the right. The parameters are idential to those in Fig. 2, exept the wavevetor q = 1=(20b) and the peak width s0 = 1=10.hain of in total N +N 0 = 9 partiles, omposed of an atie part of N = 6partiles and a argo of N 0 = 3 partiles. As an be seen in the �gure, after�ve full osillation of ai;i+Æi(t), the ative part onsisting of �ve ative bondshas pulled the inative argo one potential period b to the right. After that,the whole proess starts over again. Here, due to the presene of the argo,the veloity of the total entity is redued to b!=5.Two important questions are (a) the in�uene of the shape of the `exita-tion' �(s), whih is sinusodial in our ase [f. Eq. (5)℄, and (b) the in�ueneof noise, sine Eq. (1) is deterministi. One should note that, as long asthe `exitation' is approximately trapezoidal, a proper hoie of driving fre-



302 M. Porto, M. Urbakh, J. Klafterqueny ! and wave vetor q results in a direted motion. Similarly, as longas the thermal energy kBT is muh smaller than the energy sale �0, theengine's motion is hardly in�uened by noise. If the �utuations beomelarger, the motion gets errati. Finally, for kBT � �0, the motion loosesompletly its diretionality and beomes di�usive.So far, our disussion has been restrited to a linear one-dimensionalsystem. However, one of the main advantages of the above onept is that(a) it an easily be applied to other types of motion and (b) it an begeneralized to higher dimensionalities. This is mainly due to the absene ofany stati asymmetry in the system. Let us �rst brie�y mention the ase ofother types of motion. An engine that performs rotational motion an beahieved by treating the oordinates xi as angular oordinates xi 2 [0; `) on airle of irumferene of length ` = nb with n integer, and periodi boundaryonditions. Suh a `wheel' an rotate either lokwise or ounterlokwise.We will not further disuss this possibility, for a detailed desription ofrotational motion see [18℄.Conerning the appliation to a higher dimensionality, we onsider ahain moving on a two-dimensional surfae by replaing in Eq. (1): (a) the1D oordinates xi by 2D ones ~xi, (b) the 1D partial derivations �=�xi by2D gradients ~r~xi , () the 1D surfae potential �(x) in Eq. (2) by a 2Dounterpart�(~x) = ��0 os � ~x(1) � ~x(2)b ! os � ~x(1) + ~x(2)b ! (6)[~x(i) denotes the i-th omponent of the vetor ~x℄, and (d) the 1D inter-partile potential 	(xi � xi+Æi) by the 2D ounterpart	(~xi � ~xi+Æi) = k2 [��~xi � ~xi+Æi��� ai;i+Æi(t)℄2 ; (7)where �� � �� denotes vetor length. Using the same form for ai;i+Æi(t) as in thease of 1D, Eqs. (4), (5), the hain an be moved along the 2D surfae, seeFig. 4. The existane of a working 2D version of the model system opensmany possibilities. One example is the possibility to onstrut a omplexatomi sale `ar' by onneting six hains in suh a way that they onstitutean array of 3�3 partiles onneted by 12 bonds. By exiting three parallelhains oherently, this `ar' an be moved both forward and bakward aswell as left and right, so that it an be driven freely over the surfae [18℄.A further striking modi�ation is to built a kind of mirosopi `railwaysystem.' The important ingredients needed for this are (a) parts that enablea straight motion [as shown in Fig. 4℄, (b) parts making the engine performturns, and () swithes that allow for rossing traks and diretions.
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(a)

(b)Fig. 4. (a) Sketh of the 2D atomi sale engine, a hain of N = 3 partiles. Thesurfae potential �(~x) is indiated by equipotential lines shown for �(~x) = n�0=5with �5 � n � 5 integer, whih are ontinuous for �(~x) < 0, dashed for �(~x) > 0,and dashed-dotted for �(~x) = 0. (b) Motion of the hain skethed in (a); thedisks indiate the partiles' position in relation to the surfae potential in the 10numbered snapshots in time intervals of 5b=(2�)pm=�0. The time 25b=� pm=�0of a full osillation of ai;i+Æi (t) and hene of a single step of length b to the right isshown. The parameters are idential to those in Fig. 2.To obtain a simple example of a turn, we rewrite the potential givenby Eq. (6) using polar oordinates r and � and replae in Eq. (6) ~x(1) by�r=(�=2�) and ~x(2) by b(�� �=2)=(2�=�). This results in�0(~x) = ��0 os�� � �r�b=(2�) � �� �=22�=� ��� os�� � �r�b=(2�) + �� �=22�=� �� ; (8)where the parameter � is an even integer denoting the `order' of the turn,i.e. the number of minima along a irle with irumferene �b [i.e. radius�b=(2�)℄. The parameter � is hosen as the losest integer to �=(2�), so thatthe width of the irular valley is approximately equal to b. An example ofthe potential �0(~x) in Eq. (8) is shown in Fig. 5. Using the same mehanismas in Fig. 4, the hain an be moved inside the valley around the enter ofthe irle. By using, for example, only one half or one fourth of the totalirle and onneting this part with other (straight) parts, one an onstrutturns by � or �=2.
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-6~x(1)~x(2)

Fig. 5. Sketh of the 2D atomi sale engine, a hain of N = 3 partiles, takinga turn of `order' � = 8 [� = 2℄. The surfae potential �0(~x) is indiated byequipotential lines shown for �0(~x) = n�0=5 with �5 � n � 5 integer, whih areontinuous for �0(~x) < 0, dashed for �0(~x) > 0, and dashed-dotted for �0(~x) = 0.Using a similar idea one an onstrut a swith. Combining two poten-tials, one of whih is given by Eq. (8) and the other one of the same formbut translated by ~x0 with ~x(1)0 = �b=� and ~x(2)0 = 0, we obtain�00(~x) = ( �0(~x) for ~x(1) � �b=(2�)�0(~x� ~x0) for ~x(1) > �b=(2�) : (9)The potential �00(~x) de�nes an aute rossing, as shown in Fig. 6. Modifyingloally the potential by adding a perturbative barrier of a Gaussian shape atthe positions indiated by the arrows in Fig. 6 introdues the possibility thatthis aute rossing an work as a swith: One either fores the hain enteringthe rossing to ontinue towards the left exit [Fig. 6(a)℄ or towards the rightexit [Fig. 6(b)℄. It is worthwhile to note that without any perturbation, ahain entering from the left, as shown in Fig. 6, will leave through the rightexit, whereas a hain entering from the right will leave through the left exit.This is quite similar to the ase of retangular rossings as given by thefour-fold symmetry of Eq. (6), where, however, a loal modi�ation of thepotential is not enough to ontrol the further motion of the hain.By ombining all three ingredients (the straight parts, the turns andthe swithes) together in a suitable way, one might be able to onstrut abroad range of trak geometries. Examples inlude losed loops, 8-shapedgeometries, and so on.
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(a) (b)Fig. 6. Sketh of the 2D atomi sale engine, a hain of N = 3 partiles, in thepresene of a swith onstruted by two turns of `order' � = 18 [� = 3℄. The surfaepotential �00(~x) is indiated by equipotential lines shown for �00(~x) = n�0=5 with�5 � n � 5 integer, whih are ontinuous for �00(~x) < 0, dashed for �00(~x) > 0,and dashed-dotted for �00(~x) = 0. The swith is in the state `left' in (a), and inthe state `right' in (b). The loation of the loal perturbation is indiated by thearrows. 4. ConlusionsAs a onlusion, we would like to reemphasize that the hoie of a hainon a substrate as the example engine has been motivated solely by the sim-pliity of the model system rather than by experimental requirements. Oneimportant feature of the onept introdued in [18℄ is that it does not imposeany spei� length or time sales. This means that it is appliable not onlyfor an engine on an atomi sale, but also for mesosopi or even maro-sopi sizes. Hene, the basi onept of ompeting lengths is more generalthan presented in [18℄ and here and might be appliable in a wide range ofsituations.A possible realization on an atomi or mesosopi sale might be feasibleby onstruting the moving objet using nanosize lusters [the `partiles'℄and photohromi moleules [the `bonds'℄. The time dependene of the restlengths, whih is a ruial part of the onept, an be provided by indi-vidually ontrolling the `bonds' by light indued onformational hanges ofthe hromophors. Using di�erent hromophores whih respond to di�erentwavelengths should allow to spei�ally exite `bonds' at hosen loations atgiven times. In this proposed realization, the surfae orrugation might befeasible by nanolithography. Therefore, we believe that the urrent oneptis simple and robust enough so that it an be realized in atual experimentsusing already existing tehniques. Suh an atomi sale engine, when real-ized experimentally, will be a real ahievement in the �eld of nanotehnologyby providing new ways to manipulate moleules and lusters.Finanial support from the Israel Siene Foundation, the German Is-raeli Foundation, and DIP and SISITOMAS grants is gratefully aknowl-edged. M.P. gratefully aknowledges the Alexander von Humboldt Founda-tion (Feodor Lynen program) for partial �nanial support.
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