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Work Proposal Description: One of the most exciting phenomena at the nano-scale is that of quantum phase coherence and its application to quantum computing.  Recently, quantum computing has caught the imagination of the physics and computer sciences communities because of its powerful potential in areas of large database searches, large number factorization, and in quantum mechanical simulation of physical systems   The grand challenge is to develop scalable arrays of quantum coherent nanoscale objects that would form the quantum bits (qubits) and the logic gates of a quantum computer.  In this research program we develop electron spin resonance (ESR) techniques to manipulate, and scanning tunneling microscopy-ESR and radio frequency-single electron spin transistor (RF-SEST) techniques to measure single electron spins in arrays of nanoscale quantum dots in order to form the scientific underpinnings of an electron spin quantum computer.  The basic qubit will consist of endohedral nitrogen in C60.  The nitrogen spin in C60 has spin phase coherence times, T2  > 20 micro-sec at room temperature.  We will also make use of biological processes to attach C60 to DNA networks to form the array of interacting qubits, and advanced lithographic processes to form address gates and the readout tunnel junctions necessary for a quantum computer.
b. Publications: 6 journal articles and 1 conference paper have been published between July 2005 and February 2006.
c. Purpose: Recently, quantum computing has caught the imagination of the physics and computer sciences communities because of its powerful potential.  For example
, if one were to search an unstructured database of N entries, a normal classical computer would need N operations, whereas a quantum computer would require only N1/2 operations.  Even more dramatic is the factorization of a large integer of L bits into its prime factors, which is the basis of cryptography. Using a quantum computer and the quantum Fourier transform this problem can be determined in O(L3) operations, whereas the best-known classical algorithm, the Number Field Sieve is O(Exp[L1/3]) operations, which is considered to be intractable for large L.  Quantum mechanical simulation has broad applications in physics and chemistry.  On a classical computer, such problems grow as cn where the quantum mechanical system has n components and c is a constant, whereas on a quantum computer the simulation can be performed with O(n) qubits.  The grand challenge is to develop arrays of quantum coherent nanoscale objects that would form the quantum bits (qubits) and the logic gates of a quantum computer.  While elementary quantum computers have been demonstrated with atomic and molecular systems using both nuclear magnetic resonance (with ensemble averages) and laser trap techniques, a truly workable system will require large arrays of qubits.  It is the purpose of the proposed research to develop the scientific basis for a solid-state quantum computer based on single electron spin qubits.

e. Approach: For accomplishing the goals of the proposal, the key personnel have expertise in ESR and STM techniques, F. Fradin (80%), P. Messina (Postdoc) (100%); in C60 deposition and implantation, O. Auciello (0%) & J. Carlisle (0%); in solid state chemistry and spectroscopy of C60, J. Schlueter (0%); in DNA- inorganic attachments and DNA templates T. Rajh(0%); and in dip pen nanolithography, V. Dravid (0%).
f. Technical Progress: We have used the electron beam lithography facility in the Center for Nanoscale Materials to make both Au- C60 –Au and Ni-C60-Ni tunnel junctions.  Using shadow masks and off-normal vapor deposition of Au or Ni, we have made very fine junctions that can be easily broken by electro-migration at about 1 volt in order to form ~1nm break junctions that serve as tunnel junctions to the C60.  These junctions demonstrate staircase I-V curves indicative of single electron tunneling at room temperature.  We have found staircase I-V characteristics for single C60 at room temperature, indicating that both the level spacing and the charging energies are large compared to thermal energies in the junctions.  Progress has been made on the design and implementation of the electronics for RF-SET measurements, which will allow fast measurements of the magneto resistive changes induced by the N spin on a time scale short compared to the spin phase coherence time of N@C60, T2 ~20 microsec.  

A key task is to prepare the qubits of endohedral nitrogen in C60.  N+ ions were generated from a 3-cm Kaufman ion source and accelerated before directing them onto a C60 sample in a UHV chamber. Various acceleration voltages up to 575 eV and environmental parameters (ion neutralization, chamber and Kaufman gun pressures, N2 flow rate, substrate configuration) were used. We have determined parameters that have increased the amount of N@C60 produced per bombardment run.  However, the ratio of N@C60 to C60 appears invariant. ESR measurements have confirmed the narrow 3 line hyperfine split spectra of N14 in N@C60 and its concentration has been determined.  We have designed an upgrade to the N irradiation system for continuous flow of C60 from an effusion cell to the cold copper collector through the N ion flux.  Progress has been made setting up a HPLC chromatographic process for separating N@C60 from C60.  The first HPLC run showed a dramatic elimination of the impurity ESR signal relative to the N@C60 signal. We are currently implementing an automated collector system for the HPLC system for more efficient operation.  In the future an automated preparatory HPLC system will be put into operation for larger throughput operation.  We have also attempted to use the N ion charging scheme on open-cage fullerenes, possessing an eight-member-ring orifice.  Unfortunately, we have yet to demonstrate using ESR that N is contained in a high symmetry environment in the open cage structures.

We have begun to design a scanning tunneling microscope (STM) that will integrate a high sensitivity radio frequency (RF) preamplifier coupled by a matching network to the STM tip.  This unit will be capable of operation in high vacuum. We have also ordered a new programmable digital control system MATRIX from OMICRON that will enable us to have precise control over the positioning of the tip over the molecular qubits and will also gate the RF system for measurement of the qubit spin state.  We plan to employ a high speed digital signal correlation system to enhance signal to noise and fast data acquisition.  We have also implemented a high sensitivity low frequency preamplifier and I/V converter that will give us pA capability for single molecule scanning and spectroscopy.

g. Future Accomplishments: 
1. Development of ESR techniques for qubit manipulation
We propose to focus on a one-dimensional implementation of the Harneit scheme based on the work of Benjamin and Bose.  This will enable us, in the first stage, to limit addressable gates to a class of spins referred to as the X spins or the Y spins.  A realizable implementation of the Hartneit scheme is based on using two of the three known Group VB endohedral isotopes:  14N, 15N, 31P in C60 for the barrier spins, C, and the qubit spins, X and Y.  (For simplicity we assume the choice of 15N for C and 14N for X and Y.)  The ESR spectra for the three isotopes are hyperfine split by 6, 8 and 49 Gauss, respectively, independent of applied field. This corresponds to frequency shifts of 16, 22, and 137 MHz.  Therefore, we need to keep the physical separation between spins large enough so that the dipolar interaction is small compared to the hyperfine splitting, e.g., for a separation of 3.2 nm, J= 0.5 G, corresponding to an interaction time ~300 nsec.  Thus, the X and Y spins are addressable via a gate that shifts the local field to the respective hyperfine split line. 

Any unitary operation on a quantum computer can be composed from the set of one-qubit gates and one universal two-qubit gate.  Following Benjamin and Bose we have:
One Qubit Gate:  For |EX-EC|>>J, the X qubit will experience a rotation Exp[i], where the turn angle H1tx,  is the gyromagnetic ratio of the spin, H1 is the strength of the resonant rf field at frequency hEX along x, and t is the duration of the rf pulse.

Two Qubit Gate:  Using address gates described below, we match EX=EC, which allows qubit X to spread onto the barrier spin where it experiences a “conditional phase gate” due to qubit Y.  A -pulse at frequency EC+J flips the X qubit if the Y qubit is in the +1/2 state.  

We need to differentiate locally between “X” and “Y” qubits, e.g. via addressing electrodes running the length of the one dimensional string of alternating X and Y qubits with barrier spins C, patterned at the local scale; see the following sections.  Readout will be by STM or qubit spin swaps could be used to a single readout bit that will have patterned tunneling leads as part of an RF-SET.  Because of the large effect of C60 cage variation on the N ESR properties care must be exercised in the selection of the chemical adducts used to make the biological attachments.  The barrier spins could also be used for error corrections between gate operations, by instituting rapid spin flips to average out Sz while returning to the original C states prior to gate operations.  Note that as long as T2 >>Tc it is possible to make a fault tolerant quantum computer using error correction techniques.  

The address gates would tune a particular set of qubits, “X” or “Y”, to the resonance condition.  Here, we envision a global static magnetic field, Ho, of about 200 Gauss, and global radio frequency, rf, (~560 MHz) driving pulses of the order of 1 Gauss to prepare the spin states.  An alternative suggested by Rashba and Efros would make use of a time dependent gate voltage for efficient electrical spin manipulation at a local scale.  An address gate could in principle be either electrostatic or magnetic.  An electrostatic gate tunes the qubit energy levels, while a magnetic gate could be viewed as a local tuning of the global static field.  Because the N ESR line is so narrow (~0.5 G for 10^-3 concentration of N in C60) only about 1 Gauss is needed for magnetic tuning.  Since magnetic or electrostatic fields from linear gates fall off as 1/distance, leakage fields to neighboring qubits could be appreciable.  However, because the resonance is so narrow the neighbors would be off resonant.

In principle we could orient the static global magnetic field at an angle with respect to the nearest neighbor vector, r, such that 3cos2 -1 = 0, then the diagonal part of the dipole-dipole interaction would be identically zero in the absence of a local gate field.  As the dipole interaction is turned off T2 is ultimately limited by T1, the spin-lattice relaxation time, which is ~120 sec at room temperature.  T1 is dominated by the hyperfine interaction of the N spin with the nucleus modulated by the N vibration motion in the cage.  We note that the dipole-dipole interaction goes as |r|-3 so that the free evolution time Tc (|r|/a)3=10nsec|r|3, with r in nm, where a~1nm is the C60 nearest neighbor distance in solid C60.  For r=3.2 nm the time for interaction is  + rf pulse width ~ 0.sec total.  With T2~T1~120 sec, approximately 200 two-qubit gating sequences can be applied during a spin coherence time.  

An alternative scheme for quantum computation has been proposed by Twamley using global addressing of endohedral doped fullerenes.  A quantum cellular automata architecture consisting of an ABAB…linear array composed of a nuclear spin, either 31P (I=1/2) or 15N (I=1/2), coupled via the hyperfine interaction to an electron spin within the C60 cage.  The electron spin is in a quartet ground state S=3/2.  The neighboring electron spins are coupled via the magnetic dipole interaction.  The quantum information, in his scheme, is stored on the nuclear spins, and the electron spins serve as a local bus.  Twamley deduces the NMR and ESR pulse sequences required to execute the basic operations based on the scheme of Benjamin. While this scheme has the advantage of qubits of spin ½ nuclei with very long coherence times and does not require gating, it suffers from the need to transfer spin polarization from the electron spin system to the nuclear spin system and the use of more complicated rf pulse sequences at two ESR and one NMR frequencies.  Since this architecture relies on the same nanoscale elements as the Harneit scheme proposed above, we would plan to examine its efficacy as well.

2. Preparation of nitrogen doped endohedral C60 
One of our first tasks will be to develop high efficiency doping of C60 with nitrogen.  We will investigate different approaches to introduce nitrogen atoms into C60 molecules, as described below:
(a) In one approach a Kaufman source will be used to deliver a ~ 500 eV beam of atomic nitrogen ions that will be directed at a vapor of C60 molecules produced in an effusion cell.  Nitrogen atoms will be incorporated via ion penetration into the C60 molecules. The efficiency of this process is very low (<0.1%), as discussed by Weidinger, et al. 

(b) An additional technique that we propose to examine is the use of various C60 adducts that possess open-cage structures. Open-cage fullerenes have been prepared with various size orifices. The largest orifice is currently a 13-atom ring with an opening of 5.6 x 3.8 Å (> 21 Å2). This is sufficiently large to facilitate the incorporation of various elements. It has been shown that H2 can be encapsulated in this open-cage fullerene with 100% yield. We anticipate that though a similar methodology, atomic nitrogen can be trapped in such an open-cage structure in good yield. The organic functionalities surrounding the orifices could be utilized to couple the fullerenes together. Remarkably, it has been shown that once hydrogen has been incorporated into the open C60 structure, the pristine C60 cage can be restored by laser induced cleavage of organic addends thus closing of the orifice.  Approximately 1/3 of the closed C60 cages retained endohedral H2. This yield is significantly higher than that observed via a Kaufman source and appears to be a promising route for obtaining N@C60 in good yield. 

Once the endohedral N@C60 has been prepared, it will need to be enriched (separated from C60). In order to achieve this on a bulk scale through chemical methods, we will utilize sequential chromatographic separation.  While an analytical HPLC unit has been used initially, a preparatory unit will be purchased that will be capable of large throughput with automated operation.

3. C60  adducts and DNA attachment for network formation 

First, an array of uniformly spaced N-C60 qubits would need to be assembled.  The array spacing would need to be in the 3 to 10 nm range for a reasonable value of the dipole-dipole interaction.    One approach is to use weakly interacting adducts to C60 to connect a controllable length DNA separator between neighboring N-C60 qubits.  C60 is a highly symmetrical molecule that completely sustains fully conjugated delocalized Pi-electron system and requires multi-step chemical synthesis for chemical functionalization.  Cycloadditions provide a valuable tool for C60 functionalization. Usually, 1,2 additions across a [6-6]-ring junction, which possess a higher electron density than the [6-5]-ring junction, are observed. Win et al. have shown that thermal treatment of C60 with 2,2-dimethoxy-(3-1,3,4-oxadiazoline leads to formation of methanofullerene ketal, that under strongly acidic conditions is transformed into fullerenecarboxylic acid or fullerene thioketals highly soluble in water solutions. These chemical modifications allow linkage of fullerenes to a variety of biomolecules such as DNA oligonucleotides and proteins using standard bioconjugate techniques

The existence of appending carboxylate groups in 1,2-dihydrofullerenecarboxylate allows for direct anchoring of fullerene onto amino or carboxy terminus modifiers in DNA and polynucleoamide (PNA) oligonucleotides. We have developed a condensation method for covalent linking of nanoparticles with DNA oligonucleotides that will be used for covalent bonding of dihydrofullerenecarboxylate to amino-modified DNA oligonucleotides. C60 covalently linked to DNA oligonucleotides (C60/DNA composites) provides a primary assembly in which the particles are incorporated directly into the DNA matrix as it self-assembles into a duplex.  Fullerenes covalently linked to PNAs (C60/PNA) form a particle-adapter complex that forms a secondary assembly by molecular recognition of specific sites along double stranded DNA that is already formed into 1D, 2D or 3D structures.  Because of the exquisite programmability of the nucleic acid-based recognition system, it will be possible to arrange both homogeneous and heterogeneous particle arrays, controlling the relative location of the fullerenes with 3.5 Å resolution (the thickness of a single base pair) thus establishing quasi-monotonic control over inter-fullerene separation. 

4. DNA nanolithography for tunneling electrodes and address gates 
The basic building block consists of endohedrally doped C60 units attached to a DNA backbone.  The building blocks will be discussed in detail at the end of this section.  Given the fragile nature of molecular structures involved, it is imperative to provide a nano-patterned network that can satisfy the list of requirements: attachment of tunneling electrodes; attachment of C60 adducts to DNA backbone; and individually addressable gates to C60 adducts. This is necessary to minimize the steps in creating the nanoscale quantum computing circuit.
Readout will be by tunneling to the terminal C60.  Following the Benjamin and Bose scheme, we will use single walled carbon nanotubes connected to lithographically prepared linear gate lines to address as a class either the X spins or the Y spins.  We will start with a network of electrodes patterned by high-resolution electron beam lithography on thin SiOx/SiNx substrates. This will be accomplished with a combination of different emerging electron beam lithography approaches to achieve high-resolution patterns. This would include, for example, use of ultra-thin substrates to minimize backscattered electrons, TiO2-based resists and TEM-based lithography in addition to SEM. The high-resolution electron beam lithography pattern provides the network for its subsequent miniaturization with dip-pen nanolithography (DPN). 

In order to “initiate” sticking of DNA from a specific set of sites to create an array of linearly patterned DNAs, we will use template-driven initiation of DNA binding, followed by linear flow alignment. The following approach will be undertaken to investigate the efficacy of the approach, which is based on the technique of DPN. In DPN, an AFM tip coated with appropriate “ink” molecules is brought in close proximity to the substrate surface, which facilitates flow of the ink molecules from the AFM tip to the substrate surface, and its coordinated assembly. DPN has shown to be a very versatile nano-patterning approach, capable of patterning a variety of molecular structures at 10-50 nm spatial resolution. 

We will use DPN-derived hydrophilic templates for metallization. In this approach, hydrophilic MHA (16-mercaptohexadecanoic acid) molecules will be patterned via DPN, but initiated from previously patterned electrodes, in the form of appropriately spaced dot arrays or arrays of short linear segments in the direction of subsequent flow.  Despite ultra-high resolution patterning capabilities of DPN, it still may not completely rule out multiple sticking of DNA ends at the same site. Thus, there is a need to ensure that only a single DNA strand attaches to the templates. This clearly depends on the spatial coherence of the DNA-DNA interaction in a diluted suspension of DNA. If we reduce the size of the template, this will further reduce the possibility of multiple sticking of DNA segments.

To address this problem, we will conduct electrochemical “whittling” to further reduce the size of MHA templates after DPN. It has been recently shown that DPN patterns can be further reduced in dimension via selective electrochemical etching of exposed surface edges of DPN patterns. The basic approach is quite simple and elegant, and makes use of the fact that edges and corners of patterned molecules are energetically less stable than internal structures, thereby more susceptible to electrochemical etching in a quite reproducible and controlled manner. The prior work has established rigorous electrochemical protocols for appropriate combinations of electrolyte, pH and time for etching. Thus, a nominal 50 nm MHA DPN-derived pattern can be shrunk to 10 nm or less by electrochemical “whittling”.

The substrate will then be passivated with hydrophobic inks, such as ODT (1-octadecanethiol) or related hydrophobic moieties, leaving behind only exposed MHA templates. The as-patterned hydrophilic MHA dots and line segments should act as binding sites for initiation of DNA during the flow. There is sufficient precedent to this approach for patterning nanostructures in Dravid’s group, as well as in patterning linear nano-wires, for example single wall carbon nano-tubes, CNTs. However, in order to ensure adequate electrical contact for tunneling, we will metallize the MHA dots/lines by decorating the templates with metal-salt solution, followed by decomposition – leaving behind dot/line arrays of metal species. Here, we will employ Au-salts for metallization of MHA templates, which would lead to formation of nanoscale Au dots/lines. Prior work in Dravid’s laboratory has shown that the metallization approach works well, and provides a useful set of functional nanostructures, ranging from metals to oxides. We expect to obtain < 10nm leads emanating from electron beam patterned electrodes. Because of the strong covalent bond between thiol groups and Au, it should now be possible to initiate binding of the DNA segment terminated with a thiol group at the Au sticking sites. 

Subsequent to attaching DNA to metallized MHA/DNA templates and attaching the C60 adduct, the passivation layer will be removed, and addressable gate electrodes will be further miniaturized using the same approach as the tunneling electrodes.  One possible variation in gate-electrodes is the use of single-wall carbon nanotubes (SWCNTs) as gate electrodes instead of Au nano-wires. Here, instead of MHA metallization or DNA-metallization, we will pattern SWCNTs directly on MHA patterns. Given the well-defined width/thickness and control over their length, SWCNT may prove to be more effective localized gate-electrodes in our experiments. Rao, et al., have recently shown (efficacious alignment of SWCNTs on MHA patterns with excellent site-specificity and conformation.

For DNA attachment and C60 adducts on DNA backbone, we will make use of molecular recognition and site selectivity of biological assemblies to attach C60 to patterned DNA networks to form the array of interacting qubits, address gates, and the readout tunnel junctions necessary for a quantum computer. Recent developments in DNA synthesis permit each of the terminus groups of DNA (5’ and 3’ ends) to be substituted with the functional groups that bind unlike supports. For example, dithiol phosphoramidite (DTPA) can be attached on both 5’ and 3’ ends or within the DNA sequence.  It is designed to produce multiple thiol-modified oligonucleotides, ideal for stable immobilization to gold surfaces.  We will use gold (or silver) patterned surfaces, discussed above, as initial points for tentacle binding of DNA modified with DTPA at 3’ ends.   Initially, we will use diluted solutions of DNA in order to decorate only a few of the metallic islands with DNA molecules. This approach will allow the study of 1D qubit address gates and their dependence on intermolecular separation distance. Alternatively, the size of gold or silver islands and the concentration of DNA solutions will be adjusted to support only one DNA molecule per island that will result in the formation of a DNA grid capable of scaffolding 2D arrays. The formation of the DNA scaffolds will be monitored using AFM microscopy.

After tentacle binding to the metallic support, DNA molecules will be aligned in the pattern of parallel lines by using flow shear alignment. Subsequently the opposite ends of the DNA molecules will be attached to the glass support by activating 5’ terminus carboxyl modifiers.  Immobilized template DNA molecules will be used as a scaffold for further patterning of C60 attached to short chain DNA or PNA oligonucleotides  Due to the exquisite programmability of the nucleic acid-based recognition system, C60/PNA composites can be attached to the extended double stranded DNA scaffolds with precise control of their location along double-stranded DNA array.  An alternate method would be to use single stranded DNA scaffolds for self-assembling of DNA/C60 duplex patterns.  The binding position of PNA adapters is uniquely determined by their sequence. Therefore, we will alternate the sequence PNA adapters in order to quasi-monotonically (in ~0.35 nm increments) change the separation distance between the attached C60. Additionally, different sequences of PNA adapters will be linked to X and Y qubits as well as C barrier spins in order to enable alternate patterning of qubits and spin barriers. For example, if X qubits are linked to PNA adapters of AAGTC sequence, Y qubits will be linked to TTCAG sequence and C spin barriers will have CTAGG sequence enabling binding to the different sites of double stranded DNA.   The intermolecular separation between qubits and spin barriers will be varied from 1.5 – 10.0 nm center-to-center allowing for the investigation of the ranges of intermolecular interactions. Five base pair long PNA adapters bind to the double stranded DNA at room temperature and will be used for close-packed assemblies, while 16 base pair long DNA oligonucleotides form a duplex at room temperature and will be used for larger separation distances.

One of our approaches for single electron spin detection will utilize a radio frequency - single electron spin transistor (RF-SEST); however both the source and drain tunneling leads will be coupled to spin valves.  In the detector that we propose to investigate a ferromagnetic injector tunneling lead will allow polarized spin, s=1/2, electrons to tunnel into the C60 containing the S=3/2 nitrogen spin.  The s.S dipole interaction on the C60 will either flip s or retain its state depending on the value of MS.  The change in spin s polarization will be measured by a second ferromagnetic spin valve lead, which will show increased magneto-resistance if s is flipped.  The advantage of the RF-SEST is that all electron spins moving through the junction interact with N-C60.  Thus, this technique combines the spatial specificity of the STM tunneling current with the spin polarization sensitivity of the spin valve.  The RF-SEST makes use of an LC impedance transformer to match the impedance of the junction to the transmission line.  Mapping the RF-SEST resistance to changes in reflected rf power allows fast, < 20 microsecond, spin detection.  Recent work has demonstrated a single electron spin transistor (SEST) using C60 in a nickel break junction.
 h. Relationships to Other Projects: Consultation with staff of the MCS Division and with P. I. Benioff (PHY) will add important perspective from the quantum computation point of view.  L. A. Curtiss (MSD/CHM) will be consulted on possible use of C60 adducts and electronic structure theory.  The facilities of the Center for Nanoscale Materials will be required for the advanced electron beam lithography.
i. NEPA Requirements Required:  NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B.
j. Explanation of Milestone :  NA

k. Deliverables:  Publications and patents derived from this work will be delivered as needed.

l. Performance Measures and Expectations: The number and quality of publications and invited presentations will be a key performance measures.  The expectation for success will be highly dependent on the level of budget available, since many of the tasks outlined in future accomplishments are currently unfunded.

m. ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply

n. Human or Animal Subjects Activities:  NA

o. Security Requirements:  NA






